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0.005-3.0 V.  Current densities and upper cut-off voltage are  
shown. (b) NaFeSnO4  at 60 mA/g between 0.005-1.0 V (2-110 
cycles; the first two cycles at 10 mA/g are not shown) and in the 
range, 0.005-3.0 V  (6-35 cycles; the first  5 cycles at 10 mA/g are 




Fig. 5.7 Cyclic voltammograms (1-10 cycles) of (a) CaFe2O4 and (b) 
Li0.5Ca0.5 (Fe1.5Sn0.5)O4  vs Li at a scan rate of 0.058 mV/sec and 
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in the voltage window, 0.005-3.0 V. Only select cycles are shown. 
Cycle numbers are indicated.  
 
Fig. 5.8 Cyclic voltammograms of NaFeSnO4 vs Li at a scan rate of 0.058 
mV/s. (a) 1-15 cycles in the voltage window, 0.005-3.0 V. (b) 1-
25 cycles between 0.005-1.0 V. Only select cycles are shown. 
Cycle numbers are indicated.  
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Fig. 5.9 The voltage vs capacity profiles for Ca2Fe2O5 and Ca2Co2O5 in the 
voltage range, 0.005-3.0 V. (a) First-discharge and-charge curves 
at a current density of 10 mA/g. Profiles during 5-50 cycles at a 
current density of 60 mA/g for (b) Ca2Co2O5 and (c) Ca2Fe2O5. 
Cycle numbers are indicated. 
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Fig. 5.10 The galvanostatic charge-discharge capacities as a function of 
cycle number for the compounds: (a) Ca2Co2O5 (b) Ca2Fe2O5. 
Current densities and voltage windows are indicated. The first 
two cycles were done at 10 mA/g.  Filled and open symbols 
represent discharge- and charge-capacities respectively. 
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Fig. 5.11 Family of Nyquist plots for Ca2Co2O5 at different voltages (under 
OCV conditions after 3 h stand) during the first-discharge 
operation from OCV to 0.005 V (vs Li). Cell voltages (OCV) and 
corresponding Li-contents (mol.) are shown. Select frequencies 
are shown.  
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Fig. 5.12 Family of Nyquist plots for Ca2Co2O5 at different voltages (under 
OCV conditions). (a) 21st  charge-cycle in the voltage range, 
0.005-3.0 V. (b) At select voltages at the end of charging 
operation to show the development of low-frequency semicircle. 




Fig. 5.13 Cyclic voltammograms of (a) Ca2Co2O5 in the voltage window,    
               0.005-2.5 V, (b) Ca2Co2O5  in the voltage window 0.005-3.0 V, 
and (c) Ca2Fe2O5 in the voltage window, 0.005-2.5 V. Li-metal 
was used as the counter and reference electrode and the scan rate 
was 0.058 mV/sec. Cycle numbers are shown. 
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Fig. 6.1  Thermograms of (a) 10%-C-coated CaMoO4 and sol-gel CaMoO4;  
               (b) 10%-C-coated CaWO4 from room-temperature to 900°C.   
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Fig. 6.2  Powder X-ray diffraction (XRD) patterns of a. CaMoO4 (solution 
                precipitated) and CaMoO4 (sol-gel); b. CaMoO4(5% and 10% C-
coated). Miller indices (hkl) and tetragonal lattice parameters (a, 
c) are shown.  
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Fig. 6.3 Powder X-ray diffraction patterns of (i) CaWO4 (5% C-coated) and 
(ii) CaWO4 (10% C-coated). CuK" radiation. Miller indices (hkl) 




Fig. 6.4  SEM photographs of the powders. CaMoO4: a. soln.ppt., b. 10% C 
–coated (soln. ppt.), c. sol-gel; CaWO4 (soln. ppt.): d. 5% C-
coated, e. 10% C-coated. 
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Fig. 6.5 TEM photographs of CaMoO4: a. soln.ppt. and b. 10% C-coated 
(scale: white bar measures 50 nm). High resolution lattice images 
of CaMoO4: c. soln.ppt. and d. 10% C-coated (scale: white bar 
measures 5nm). In c, the lattice spacings correspond to the (112) 
planes with a d-spacing of 3.1 Å. In d, the amorphous nature of 




Fig. 6.6 The voltage vs capacity profiles in the voltage window, 0.005-2.5    
              V for a. CaMoO4 (soln.ppt.); 1-25 cycles, b. CaMoO4  (sol-gel); 1-  
             50 cycles,  and c.  CaMoO4 (10% C-coated); 1-50 cycles. First  two   
             cycles  done  at  a  current  density of 10 mA/g  with first discharge  
              commencing  from  OCV. Profiles  during  5-50 cycles  were done   
              at a  current  density  of  60 mA/g.  Only  select  cycles are shown.  
              Cycle numbers are indicated. 
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Fig. 6.7  The   charge-discharge   capacities   (corrected  for  uncoated  and  
              coated  carbon contribution) as  a  function  of  cycle  number  (3- 
              50 cycles) for CaMoO4 (soln.ppt.),  (sol-gel),  (5% C-coated)   and  
              (10%  C- coated)  at  a  current  density  of  60  mA/g.  Upper   cut  
              off voltages are indicated by the symbols: ! (2.0 V), " (2.5 V), 
(3.0 V). In all cases the  lower  cut-off  voltage  is  0.005 V  vs  Li. 
               Filled and  open symbols indicate discharge and charge capacities 
               respectively.  
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Fig. 6.8 Cyclic voltammograms (1-25 cycles) of a. CaMoO4 (soln.ppt.), b. 
CaMoO4 (sol-gel) and c. CaMoO4 (10% C-coated). Li metal was 
the counter and reference electrode.  Scan rate is 0.058 mV/sec. 
Voltage window, 0.005-2.5 V. Only select cycles are shown. 
Cycle numbers are indicated. 
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Fig. 6.9 The voltage vs capacity profiles (first and 20th cycle) for CaMoO4 
(10% C-coated) in the voltage window, 0.005-2.5. V. First cycle 




Fig. 6.10 The voltage vs capacity profiles for 10 % C-coated CaWO4 for 
(a) First cycle, in the voltage range, 0.005-2.0, -2.5, -3.0 V; (b) 5-
100 cycles, in the voltage range, 0.005-3.0 V. Only select cycles 
are shown. Numbers refer to cycle numbers. Values are 
uncorrected for carbon. Current density is 60 mA/g. 
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Fig. 6.11 Capacity vs cycle number plots from 1-100 cycles in the voltage 
ranges, 0.005-2.0 V, -2.5 V, -3.0 V for (a) 5% C-coated CaWO4 
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and (b) 10% C-coated CaWO4.  Values are corrected for carbon. 
Current density is 60 mA/g. Open symbols, charge; closed 
symbols, discharge. 
 
Fig. 6.12 Ex-situ XRD patterns of 10% C-coated CaWO4 electrode 
discharged to various voltages vs Li. (i) As prepared (OCV=3.1 
V). Select Miller indices are shown. (ii) 0.8 V, (iii) 0.5 V, (iv) 
0.25V and (v) after 20 cycles and subsequently charged from 
0.005 V to 3.0 V. Lines due to Cu foil are shown. Low intensity 
lines with asterisk are not identified. 
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Fig. 6.13 Cyclic voltammograms of 10% C-coated CaWO4 in voltage 
range, 0.005-3.0 V. Li metal was the counter and reference 
electrode.  Scan rate was 0.058 mV/sec. Only select cycles are 
shown. Numbers refer to cycle numbers. 
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Fig. 6.14 Family of Nyquist plots  (Z$ vs -Z$$) for  the  cell  with  10% C- 
               coated CaWO4 as cathode at different voltages.  (a) During   the  
               first-discharge reaction from open circuit voltage (OCV) to 0.005 
              V (vs Li). (b) During the first charge reaction from 0.005 V to 3.0 
              V. (c ) During   the 20th   discharge-cycle   from  3.0   to   0.005V.  
              Regions   (i),  (ii),   (iii),  (iv)  and   (v)  show   fitting   with   the  
              equivalent  circuit   of   Fig.  6.15a.  (d)   During   the   subsequent  
              charge-operation  up  to  3.0 V.  Stabilized  cell  voltages,  after 3 h 
              stand   are  shown. Select  frequencies  in   the  impedance  spectra 
              are indicated. 
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Fig. 6.15 (a) Equivalent circuit used for fitting the impedance spectra of 
Fig. 6.14. Different resistances, Ri and /or Ri%%CPEi combinations 
are shown sectioned as (i)-(iv). Section (v) is the Warburg 
element. (b) Plot of Rb (bulk resistance) and (c) CPEb 
(capacitance associated with bulk resistance) as a function of cell 
voltage. These were obtained by fitting the impedance data for the 
20th discharge-charge cycle of 10% C-coated CaWO4 vs Li shown 
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Lithium ion batteries (LIB) are acclaimed as the advanced power sources 
among all rechargeable batteries. Their energy density and cycle-life are a function of 
the choice of the electrode and electrolyte materials. This Thesis presents studies on 
mixed metal oxides as prospective anodes for LIB based on the principle of Li- 
recyclability by electrochemical processes such as Li-metal alloy formation-
decomposition or displacive redox reaction involving nano-size metal or Li-metal 
oxide ‘bronze’. Chapter 1 describes the LIB, principle of operation, development of 
LIB, world market and future trends. This is followed by the literature survey on the 
three important battery components: cathodes, anodes, and electrolytes and realization 
of LIB using non-graphitic anodes and motivation for the present study. The 
experimental techniques presently employed in the synthesis, physical and 
electrochemical characterization of the materials have been described in Chapter 2. 
 Chapters 3 to 6 describe and discuss the results. Chapter 3 comprises studies 
on mixed tin oxides, MSnO3 (M = Ca, Sr and Ba) possessing the perovskite structure 
and Ca2SnO4 (Sr2PbO4 type structure). The compounds were synthesized by high 
temperature solid-state and sol-gel methods. The Li-recyclability of CaSnO3 and 
Ca2SnO4 were compared and the effect of crystal structure and morphology was 
studied. Physical characterization was carried out using the XRD, SEM and XPS 
techniques. Galvanostatic cycling and cyclic-voltammetry studies showed that Ca is a 
better matrix metal in comparison to Sr and Ba, good operating voltage range is 0.005 
– 1.0 V vs Li-metal, the perovskite structure is preferable over the Sr2PbO4-type 
crystal structure and fine particle morphology (nano-size) achievable by sol-gel 
method leads to better electrochemical cycling response. CaSnO3 (nano-size obtained 
 xxi
by the sol-gel method) showed the best performance with a reversible capacity of 379 
mAh/g ( 2.9 moles of Li  per mole of Sn) and nil capacity-fading up to 100 cycles.  
 In Chapter 4, results on the tin oxides with hollandite structure K2(M$,Sn)8O16 
( M$ = Li, Mg, Fe and Mn) are discussed. The compounds were synthesized by the 
high temperature solid-state reaction and characterized by XRD, SEM and XPS. 
Galvanostatic cycling and cyclic voltammetry showed that Fe is a better matrix metal 
than Mg and Mn and good operating voltage range is 0.005 – 1.0 V. The hollandites 
with M$= Li and Fe showed 1st cycle reversible capacity of 602 and 481 (± 3) mAh/g, 
respectively. The capacity was retained up to 50 cycles at 78 and 83% of the aforesaid 
values. The electrochemical impedance data on Li-Sn- hollandite (M$= Li) at different 
depths of discharge and charge during the 1st and 15th cycle have been analyzed and 
interpreted.  
 Chapter 5 deals with the studies on (i) CaFe2O4, Li0.5Ca0.5(Fe1.5Sn0.5)O4 and 
NaFeSnO4 (CaFe2O4-type structure) and, (ii) Ca2Fe2O5 and Ca2Co2O5 
(Brownmillerite/related structure). Galvanostatic cycling results showed that 
Li0.5Ca0.5(Fe1.5Sn0.5)O4 gave a reversible capacity of ~ 450 mAh/g in the voltage range 
0.005 – 3.0 V at a current density of 60 mA/g. In this case both Fe and Sn undergo 
reversible reaction with Li (displacement reaction with Fe and alloy-de-alloy reaction 
with Sn). NaFeSnO4 showed drastic capacity-fading when cycled in the voltage range 
0.005 – 3.0 V at current density, 60mA/g. But the cycling performance was found to 
be stable (capacity of 310 to 340 mAh/g) between 4 to 110 cycles in the voltage 
range, 0.005-1.0 V, with Fe not participating in electrochemical cycling and behaving 
as matrix element.  
Ca2Co2O5 gave a reversible capacity of 365-380 mAh/g, stable up to 50 charge 
– discharge cycles in the voltage range 0.005- 3 V at 60 mA/g. This capacity 
 xxii
corresponds almost to the theoretical value. Extensive capacity fading was observed 
in Ca2Co2O5 when the cycling was restricted to 0.005 -2.5V. The cause of the 
excellent cycling in the voltage range 0.005 – 3.0 V is ascribed to the reversible 
formation/decomposition of polymeric-gel type layer at V> 2.5 V. This was indirectly 
proved by the electrochemical impedance studies. The Li-recyclability of Ca2Fe2O5 
was inferior to that of Ca2Co2O5: a capacity of 226 mAh/g (14
th cycle) degraded to 
180 mAh/g after 50 cycles (60 mA/g; 0.005-2.5 V). 
 Studies pertaining to the pure and carbon coated CaMO4 (M= Mo, W) are 
presented in Chapter 6. The compounds were synthesized by room temperature 
precipitation method or sol-gel method. Carbon (C) coating, 5-10 wt.% was done in 
situ during the precipitation method. Galvanostatic cycling and cyclic voltammetery 
studies showed the beneficial effects of C-coating and nano-particle morphology. Li-
cycling takes place by reversible ‘Li-Mo/W-O bronze’ formation in both the system 
and optimum C-coating is proposed to be between 5 and 10%. The 10% C-coated 
CaMoO4 gave 20
th cycle discharge capacity of 508 mAh/g (3.8 moles of recyclable 
Li) in the voltage range 0.005-2.5 V at 60 mA/g corresponding to almost theoretical 
value (4.0 Li). The average discharge and charge voltages are found to be 0.5-0.6 and 
1.3-1.5 V respectively. Qualitatively similar results were found for the Li-
recyclability in CaWO4.  However, due to high atomic weight of W, the achievable 
capacity values are smaller as compared to CaMoO4. Impedance spectral data on 10% 
C- coated CaWO4 at different voltages during the 1
st and 20th discharge cycle have 
been interpreted in terms of variation in bulk and charge-transfer impedances of the 
electrode.  
Significant findings from the present study are: 
 xxiii
1. The compounds, CaSnO3, Ca2Co2O5 and CaMoO4 are promising anode materials 
for the second generation LIB. They differ in the starting crystal structure, 
electrochemically-active metal (Sn, Co or Mo), and mechanism of Li-recycling (alloy-
de-alloy or displacement reaction with nano-phase Co or ‘Li-Mo-O’ bronze).  
2. It is true that the crystal structure is destroyed during the first-discharge reaction 
with Li, but the micro- or nano-structure of the oxide matrix, ‘Li-M-O’ along with M’ 
(Ca) appears to play a crucial role in determining the reversible capacity and its 
stability over long-term cycling.  
3. The favorable matrix metal is ‘Ca’, even though ‘Fe’ (in the case of NaFeSnO4) 
also appears to be equally good. However, the exact mechanism by which these 
matrix metals enable good Li-recyclability in the above three compounds is not clear 
at present and needs to be further investigated.  
4. Nano-size particles of the starting oxide and carbon-coating definitely aid in better 
Li- recyclability by virtue of absorbing the volume changes and ensuring good inter-
particle electronic conductivity, respectively during discharge-charge process. This 
has been shown clearly in the case of CaSnO3 and CaMoO4. 
 xxiv
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A brief literature review of the primary and secondary batteries and 
development of lithium ion batteries (LIB) is presented. The principle of operation of 
LIB, world market, present and future trends of LIB are described. This is followed 
by a literature survey on the battery components- cathodes, anodes and electrolytes 
for LIB.  The concluding section describes the motivation for the present study on the 
anodes for LIB. 
1.1 Definition of Battery 
A battery is a device that transforms chemical energy contained in its active 
materials into electrical energy via electrochemical reaction and produces a dc 
voltage. A battery may consist of two or more electrochemical cells connected 
together in series or parallel. The maximum electrical energy that can be delivered by 
a battery is a function of the nature of its active materials forming the electrodes and 
their masses. The actual energy output is usually less than the theoretical energy of 
the battery and is expressed as specific energy (Watt. hours/kg or Watt. hours/liter) 
[1,2]. Batteries are manufactured in various shapes and sizes depending upon their 
end uses and deliverable energy requirement. Batteries are categorized into two types: 
single use and multiple use, called ‘primary’ and ‘secondary’ or rechargeable 
respectively.  
1.1.1 Primary Batteries 
These are assembled with the ‘active’ materials, and are used in a single 
discharge, and discarded after use since the active material would have been 
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consumed in the process. These batteries are usually inexpensive, light-weight, 
possess good shelf life, have high energy density at low to moderate discharge, 
require minimum maintenance and are easy to use.  Examples of primary batteries 
are: Leclanche (Zn-MnO2) cell (dry cell), alkaline Zn-MnO2, magnesium (Mg)/MnO2, 
lithium (Li)/MnO2 and Li/SO2. Fig. 1.1 shows the theoretical and actual specific 
energy of various types of batteries [1,2].  
 1.1.2 Secondary Batteries 
These can be re-charged after discharge, to regenerate the active materials, by 
passing current in a direction opposite to that of the discharge current. These batteries 
are also known as storage batteries or accumulators. Their important features are high 
power density, high discharge rates, flat discharge curves and good low temperature 
performance [1]. The energy density and charge retention of these batteries are poorer 
than those of primary batteries. Well-known examples are: Lead acid, Nickel 
cadmium, Nickel-metal hydride and Li-ion batteries. Their theoretical and actual 
specific energy are shown in Fig. 1.1. Presently, the Li-ion and the nickel metal 
hydride batteries have been acclaimed as advanced power sources for portable 
applications.  
 
Fig. 1.1 Energy storage capability of primary and secondary batteries in Watt. 
hours/kg. Taken from [1]. 
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1.2 Development of Li-ion Batteries 
 Lithium (Li) is light in weight (atomic weight=6.94 g) and provides highest 
voltage and greatest energy density in comparison to other metals when used as an 
electrode. The development and commercialization of primary Li-batteries during 
1970s is attributed to the above properties of Li. A decade later, attempts were made 
towards the development of rechargeable Li batteries using metallic Li as anode. 
Commercialization of such batteries was inhibited due to difficulties in recharging the 
metallic Li-electrode [3,4,5]. The stripping and deposition of Li during 
electrochemical cycling caused roughness on electrode surface leading to increase in 
the surface area of the anode and formation of dendrites. These dendrites can grow to 
an extent that can perforate the separator and reach the cathode leading to internal 
short-circuiting. This may cause sudden increase in the temperature resulting in  
battery explosion.  
Several approaches have been tried to overcome these problems with metallic 
Li. These include- usage of liquid electrolytes that are less reactive towards Li, adding 
surfactants such as hydrocarbons/ quaternary ammonium salts, that level the regrowth 
of Li, controlling properties of metal surface by using additives (CO2, N2O, HF etc.), 
coating Li with Li-ion conducting membrane, adding scavengers to the electrolyte that 
dissolve the Li-dendrites etc. [6]. These measures brought only a partial improvement 
in the cycleability of metallic Li. Scrosati and co-workers proposed a solution to this 
problem as early as 1980, the period when Li-rechargable batteries originated [7,8]. 
They suggested replacing Li metal by a non-metal compound capable of storing and 
exchanging Li. In conjunction with another non-metallic Li-accepting compound as 
cathode, the electrochemical cycling process would involve the transfer of Li-ions 
between the electrodes. This approach has led to development and commercialization 
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of Li-ion batteries (LIB). The development of LIB and the electrode materials have 
been described in various books and papers [3-6, 9-14].   
1.3 Principle of Operation 
 The operation of LIB is based on the principle of insertion/de-insertion of Li-
ions in electrode materials via an ionically conducting medium called electrolyte. 
Hence, it is a pre-requisite for an electrode material that it should be capable of 
reversible Li insertion. Indeed, a large number of compounds involving different 
chemistries were proposed as prospective LIB electrodes-cathodes and anodes. In the 
commercial cells, Li-containing metal oxides (LiCoO2, LiNiO2 and LiMn2O4) are 
employed as cathodes (positive electrode) and non-graphitic carbons or graphites are 
used as anodes (negative electrode). During the process of ‘charging’ of the cell, Li 
ions are extracted from the positive electrode and inserted into the negative electrode. 
The process is reversed during the ‘discharging’ of the battery, viz., operating the cell 
under a load. The electrolyte allows the flow of Li-ions between the electrodes but 
prevents the electron flow. Due to the two-way motion of the Li-ions between the 
electrodes, the LIB are also named as rocking chair, swing and shuttle-cock batteries. 
Figs. 1.2 and 1.3 show a schematic of the operation of Li-ion battery and the 
discharge capacity-voltage profiles of commercial LIB at various C-rates, 
respectively. The chemical reactions taking place at the electrodes during the charging 
are given as below: 
Cathode:       LiCoO2  ! Li1-xCoO2 + xLi+ + xe-                  (E" = 0.6V)         (1.1) 
Anode:       C + xLi++xe-  ! LixC                (E"  = -3.0V)        (1.2) 





Fig. 1.2  Principle of operation of LIB. Taken from [11]. 
 
 
Fig. 1.3 Discharge capacity-voltage profiles of commercial LIB using LiCoO2 cathode 
and graphite anode at various C rates. 1C is defined as full capacity discharge in 1 h. 
Taken from [3]. 
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The open-circuit voltage (Ecell) is a function of the difference between the lithium 
chemical potential of cathode   (#Li(c )) and anode (#Li(a)), and is given by the eqn.1.4: 
                              Ecell= -$G"/nF= (#Li(c)-#Li (a))/nF,                                              (1.4)  
where, $G"= change in free energy associated with the reaction 
           F= Faraday constant= 96500 Coulombs 
           n=  number of electrons involved in the reaction as in eqn. (1.1). 
1.4 World Market and Future Trends in LIB 
First lithium-ion battery was introduced in to the market by SONY Co., Japan 
in 1991 for portable electronic devices. This was followed by a sharp rise in the 
market for LIB in comparison to other rechargeable batteries [3-5]. The growth of 
market of the LIB for portable electronic devices was high during the years, 1991-
1999 but slowed down afterwards [4,5]. In fact, the annual manufacturing capacity of 
LIB was higher than the annual sale (Table 1.1). This has resulted in higher 
competitive environment and falling prices of the LIB. Apart from Japan, other LIB 
manufacturing companies are in Taiwan, Korea, China, US and Europe. Initially the 
LIB cells were manufactured with the dimensions: 18650 (18 mm diameter, 65 mm 
long) jelly roll cylindrical cells with 1000 mAh capacity in the year 1992 and 
continuous capacity improvement to 2000 mAh by the year, 2000 and 2400 mAh by 
2003. In the year 1998, the flat pack configuration has been introduced. Due to 
packaging flexibility the flat pack was considered superior to the cylindrical 
configuration.  
LIB are also being investigated for use in areas demanding large power-packs, 
such as to power electric vehicles (EV), hybrid electric vehicles (HEV) [4,15-18], 
satellites and other space applications [4]. Such applications need high voltage (36 or 
48 V) in terms of high specific power and power density. LIB prototypes for such
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applications were checked for their performance as a part of Japanese National Project 
[16]. Core performance of battery capacity, specific energy, energy efficiency and 
performance under severe conditions have fulfilled the desired targets. LIB are also 
suggested for implantable biomedical devices that demand high energy density in a 
rechargeable package. The LIB have already demonstrated their usage in powering 
‘left ventricular assist’ devices and also ‘total artificial heart’.   
Table 1.1  World annual manufacture and sale of LIB. Values taken from [4]. 
 Year 1992 1994 1996 1998 2000 2002 
LIB manufactured 
(millions of cells) 
12 65 156 660 900 850 
LIB sold (millions of 
cells) 
0 30 120 45 480 500 
Value(millons of year 
2000 US dollar) 
- 300 1080 1880 2500 2450 
 
1.5 Commercial LIB for Mobile Phones 
SONY has developed thin and light-weight lithium-ion polymer batteries for 
mobile phones by incorporating gel polymer electrolyte instead of conventional liquid 
electrolytes. Since gel electrolytes are devoid of the leakage problem associated with 
the liquid electrolytes, such batteries were enclosed in the envelope of aluminum-
laminated polymer film. Figures 1.4, 1.5 and 1.6 [3] depict the structure, actual shape 
and commercial lithium-ion polymer battery from SONY for mobile phone. The 







Table 1.2  Specifications of SONY Lithium Polymer Battery. Taken from [3]. 
Size (D%W%H) 3.8%35%62 mm 
Weight 15g 
Nominal capacity 760 mAh 
Nominal voltage 3.7 V 
Charge voltage 4.2 V 
Charge time 150 min. 
Energy density (Volumetric) 375 Wh/dm3 
Energy density(Gravimetric) 190 Wh/kg 
Cycle performance 85% at 1000th cycle 





Fig. 1.4  Structure of elliptically wound cell for flat-pack plastic LIB. Taken from [3]. 
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Fig. 1.5  Plastic LIB (enclosed in Aluminium laminated polymer film) showing 
battery terminals. Taken from [3]. 
 
 
Fig. 1.6 Commercial LIB from SONY. Taken from [3]. 
1.6 LIB Technology Challenges 
As mentioned in previous sections, among all the rechargeable batteries, LIB 
stands a forerunner and market leader. However, it has a number of shortcomings and 
limitations. The LIB challenges are: 
1. The electrolyte of LIB possesses low decomposition potential. With high 
energy cathodes materials (potential, 5V vs Li.), they suffer from the 
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drawback of getting oxidized at such high potential during charging operation. 
Therefore, the stable battery performance is dependent on developing 
electrolyte with an oxidation resistance at least up to 5V. 
2. Achieving a fundamental understanding of large Li-acceptance in the 
electrode-materials and optimizing/ replacing them by superior alternates 
which are capable of delivering high energy density or capacity. 
3. Determining how Li-deficiency, particle size, surface area and adsorbed water 
content are related to the preparation methods of the electrode materials and 
devising new synthetic procedures in light of that for obtaining electrode 
materials with best properties.     
4. Commercial LIB suffers from the problem of Li metal deposition during fast 
discharge, thereby causing all the problems associated with the Li-metal 
anodes. To avoid this, the LIB needs more sophisticated electronic systems for 
battery management in comparison to other rechargeable battery technologies.  
5. Material cost and associated electronics cost represent the major part of the 
battery cost and should be significantly decreased.  
6. Commercial material for cathodes is LiCoO2, that comprises cobalt which is 
expensive, toxic and environmentally hazardous.  
Thus, overall safety-in-operation, reliability and predictability of LIB performance are 
on top priority. 
1.7 Need of R&D on LIB and Criterion for Selection of Electrode   
      Materials  
 Although LIB are commercially available as small battery-pack for portable 
electronic devices, they are expensive and serious R&D is needed to overcome the 
aforementioned issues listed in section 1.6. Attempts are to be made to replace the 
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toxic and costly metal (cobalt) for cathodes by cheaper and eco-friendly substitutes. 
LIB can deliver maximum output voltage if the cathodes and anodes possess the 
highest and the lowest potential vs. Li respectively. Fig. 1.7 shows the 





  The desirable characteristics for choosing the electrode materials for LIB are: 
1. The cathode should possess a redox metal ion with high oxidation state. This will 
ensure high chemical potential to maximize the cell voltage. 2. The Li activity in the 
anode should be close to unity. This ensures open circuit voltages close to those 
obtainable with the pure lithium. 3. The equivalent weight of both electrodes must be 
low. This is necessitated to achieve the specific capacity values of practical utility. 4. 
The mobility of Li-ions and electrons in both electrodes must be high. This will 
ensure a fast reaction kinetics leading to high charge and discharge rates. 5. The 
voltage changes upon Li-ion uptake and release must be small in both electrodes to 
restrict fluctuations during charge and discharge cycles. 6. The redox energy of the 
      Fig. 1.7 Voltage vs. capacity (mAh/g) of electrode materials for LIB. The output  
      voltage values for Li-ion cells or those with Li-metal anodes are represented.  
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cathode during Li-insertion and extraction should lie within the band-gap of the 
electrolyte to prevent any unwanted oxidation or reduction of the electrolyte. 7. There 
should be good thermal stability in the charged-state for cathodes and in the 
discharged-state for anodes and 8. Both the electrodes must be easy to fabricate, 
cheap and should be environmentally friendly. 
In addition to the above criteria, the ionic conductivity, electronic insulation 
and chemical stability of the electrolyte play an important role towards the 
performance of the LIB. High values of these parameters lead to the design of a high 
performance LIB. The engineering involved in cell design is also crucial for the 
overall performance of the cell.  The current research trends in the field of cathodes, 
anodes and electrolytes for LIB are depicted in Fig. 1.8.   
1.8 Research Trends in the Field of Cathodes 
1.8.1    4V-Cathodes 
 Layered Li metal oxides with the formula LiMO2 (M=Co, Ni) and the spinel 
Li-manganese oxide, LiMn2O4 are the cathode materials of choice in LIB 
[3,4,6,9,11,14]. The layered compound LiMO2 possesses a rock-salt (NaCl) structure 
where Li and transition metal oxide cation occupy alternate layers of octahedral sites 
in distorted cubic closed packed oxygen ion lattice. It adopts a hexagonal structure 
and is referred to as O3-phase. These layered compounds serve as Li source on one 
hand and their structure provides two dimensional channels for easy extraction of Li 
ions. Therefore, they can be coupled with a Li-accepting anode (e.g., graphitic 
carbon) for the formation of a LIB. The Li1-xCoO2 has a high voltage of 4.2 V vs Li 
for x=0.5 and good Li-cyclability is accomplished by limiting the Li 
removal/insertion up to x=0.5. This value of x corresponds to a specific capacity of 
137 mAh/g.  For x>0.5 structural instabilities occur in Li1-xCoO2 which cause phase 
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transitions from hexagonal (H1)–to-monoclinic (M)-to-hexagonal (H1)-hexagonal 
H1-3)-to- hexagonal (O1) with increasing x and increasing voltage (4.7 V vs. Li). 
During discharge (intercalation) these transitions are reversible. Thus, during cycling 
an ‘electrochemical grinding’ of the active material particles occurs due to the unit 
cell volume changes associated with the above phase transitions. Hence interparticle 
connectivity will be lost thereby causing capacity fading.  
        
Fig. 1.8 Research trends on cathodes, anodes and electrolytes of LIB.  
 A number of methods have been proposed in the literature to increase the 
reversible capacities with improved cyclability [19-23]. These include modifying the 
synthetic procedure [19,20] and coating LiCoO2 with metal oxides (ZrO2, Al2O3, 
TiO2, SiO2) [21-23] or AlPO4 [24]. The synthesis of LiCoO2 by molten-salt eutectic 
LiNO3-LiCl at temperatures, 650 - 850C, with or without KOH as oxidizing flux 
showed better cycling results in comparison to LiCoO2 synthesized by solid-state 
method [19]. The 850C synthesized LiCoO2 showed a reversible capacity of 167 
mAh/g in the voltage range, 2.5-4.4 V, stable up to 80 cycles. The benefit of metal 
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oxide coating by ZrO2, Al2O3, or TiO2 has been established [21-23]. The coated 
oxide reacts with LiCoO2 and forms a thin surface layer of LiCo1-xMxO2, M=Al, Zr 
or Ti. This thin layer was thought to suppress the phase transitions during cycling 
between 2.75 and 4.5 V. Moreover, the coating caused physical separation of LiCoO2 
surface from electrolyte, thus, helping in decreasing the electrolyte decomposition by 
the charged electrode.  
 Analogous to LiCoO2, LiNiO2 acts as a positive electrode and Ni3+/4+ redox 
couple has a lower voltage (~4.1 V) in comparison to Co3+/4+ (4.2 V). However, the 
unit cell volume changes due to the reversible phase transitions with increasing x in 
Li1-xNiO2 are much more than those shown by Li1-xCoO2 which leads to drastic 
capacity fading on cycling. Structure stabilization and better electrochemical cycling 
by partial or full suppression of phase transitions has been achieved by partial 
substitution of Ni in LiNiO2 with elements such as Co, Al and Mg. Large number of 
groups have studied compositions Li(Ni1-xCox)O2, x<0.3 with further dopants like Al, 
Mg and demonstrated a high reversible capacity of 150-170 mAh/g vs Li, stable at 
least up to 50 cycles in the voltage range, 2.5-4.3 V [25, 26]. 
 During the past four years interesting new compositions have been prepared 
and studied in an effort to reduce the cobalt content and use the Ni2+/4+ as the redox 
couple instead of  Ni3+/4+ as in LiNiO2, but retaining the O3-type LiCoO2 layered 
structure. These are based on the solid solutions of type LiCoO2-Li(Li1/3Mn2/3)O2, 
LiNiO2-Li(Li1/3Mn2/3)O2, LiCoO2-LiNiO2-LiMnO2. Compounds with Ni2+ ions of the 
type Li(NixLi1/3-2x/3Mn4+2/3-x/3)O2 x<1/3 [27],  Li(Ni1/3Mn4+1/3Co1/3)O2  [28] and 
Li(Ni2+1/2Mn4+1/2)O2 [27,29,30] have been well studied. The presence of Mn4+ ion in 
the lattice appears to give ~3.9 V for the Ni2+/4+ redox couple and thus the above 
compounds act as 4V cathodes. The compounds, Li(Ni1/3Co1/3Mn1/3)O2 and 
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Li(Ni1/2Mn1/2)O2 are considered to be prospective second generation cathode 
materials. Reversible capacities of 160 mAh/g in the voltage range, 2.0-4.6 V have 
been reported in optimized preparations of both compounds with good rate capability 
for the first compound. The Li(NixCo1-2xMnx)O2, x< 0.5 V, also showed improved 
thermal stability in the charged-state (4.4 V) in comparison to LiNiO2 or LiCoO2. 
  The compound with the cubic spinel structure, LiMn2O4 has been extensively 
investigated as a 4V-cathode for LIB [3,4,11]. An optimized material can compete 
with LiCoO2 in terms of cost, environmental compatibility and reversible capacity 
(theoretical= 148mAh/g). However, detailed studies have shown that drastic capacity-
degradation, especially at 55"C operation, sets-in due to a variety of factors which 
include Mn-dissolution in to the solvent from the cathode [3,4,9,10,11,25,26]. Some 
progress has been made to decrease the capacity-fading by doping at the Mn-site with 
other metals, surface-coating etc. Layer compounds like LiMnO2 [11,25,26] and the 
so-called O2-phases, Li2/3(Ni1/3Mn2/3)O2  which have two molecules per unit cell, with 
Li-ions in octahedral oxygen coordination [31,32], have also been studied as 4V-
cathodes. These phases, however, can only be obtained by the ion exchange, Li for Na 
at low-temperatures (&300"C), from the respective Na- compounds. 
1.8.2    3.5 V-Cathode 
 The research group of Goodenough [3,4,9,11,25] discovered that LiFe2+PO4 
with the layered olivine-structure acts as a 3.5V-cathode vs Li, involving Fe2+/3+ redox 
couple. Optimized compositions with or without carbon-coating have been 
investigated extensively and were found to give almost theoretical reversible capacity, 
170 mAh/g with good rate-capability and excellent thermal stability in the charged-
state. Unlike the case of Li1-xCoO2, which shows a single-phase charge-discharge 
reaction for x'0.5, the process in LiFe2+PO4 is a two-phase reaction, LiFe2+PO4 !Li+ 
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e- +  Fe3+PO4 (e- = electron;   = vacancy) and thus, shows a plateau in the voltage vs. 
capacity profiles [4,9,11,25]. 
1.8.3     5V-Cathodes 
             Interestingly, Ni and Co-containing normal spinels, Li[Ni2+1/2Mn4+3/2]O4, 
Li[Co3+Mn4+]O4 [3,4,26] and Ni[Li,V]O4 [3,4,33] with the inverse-spinel structure 
(where Li ions occupy the octahedral sites rather than tetrahedral sites) have been 
found to act as 5V-cathodes (~4.8-5.0V vs Li). Also, LiCo2+PO4 (olivine-structure) 
was found to be a 5V-cathode [25]. The effect of crystal lattice environment on the 
redox potentials of the ions are thus clearly manifested: Ni2+ and Co3+ ions show a 
higher redox potential in spinel and olivine structure in comparison to the layer 
structure.  Indeed, theoretical band structure calculations are in good agreement with 
the experimental observations [3,4, 34]. LIB with the 5V-cathode, graphite anode and 
liquid or gel electrolytes are not feasible at present due to the decomposition of the 
electrolytes at these voltages. However, LIB with Li-ion solid electrolytes are 
feasible. LIB with the 5V- spinel cathode, Li[Co0.2Fe0.2Mn1.6]O4 in combination with 
the 1.5V anode, Li[Li1/3Ti4/3]O4 and liquid electrolyte have been demonstrated [3]. 
1.8.4 Theoretical approaches for identifying and rationalising the Li-metal-  
oxides as cathodes for LIB   
 In recent years, several groups have applied the well-known computational 
techniques to calculate the crystal structure, phase stability, electronic band structure 
and intercalation voltages of LiMO2 (M=Co, Ni, Mn), LiMn2O4, LiFePO4 and Li-M-
fluorides, not only to rationalise the observed cathodic behaviour but also to new and 
novel materials as possible cathode materials for LIB [4,34]. The average 
intercalation voltage is computed by combining basic thermodynamics with a 
theoretical method called the first principle plane wave pseudo potential method. In 
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this method the model crystals are constructed and the parameters determining the 
average intercalation voltage are generated. The computational method allows design 
flexibility and thus full control over several parameters like, spin density of M-ion. 
The average intercalation voltage is given by Vav= $G/F and $G can be approximated 
by the internal energy term, $E. The $E for an intercalation reaction can be obtained 
from the computed values of internal energies of the solid with and without Li.  For 
example, the computed average intercalation voltage for LiMn2O4 and LiCoO2 were 
found to be 4.0 and 3.75 V which compares well with the 4.1 and 4.0 V respectively.  
Thus, through such calculations, new candidates for cathode materials can be 
predicted.  
 1.9 Research Trends on Anodes for LIB   
Current research trends on anodes are directed towards improving the 
commercially existing carbon anodes and also replacing these by suitable alternates  
which mainly include metal oxides (Fig. 1.8). The anode materials are divided into 
four catogeries: 1.Materials that react with Li via intercalation/ de-intercalation 
reaction. Examples- graphite, TiO2 and Li4Ti5O12. 2. Compounds that alloy with Li. 
Examples- Amorphous tin composite oxide (ATCO), Sn2+ and Sn4+ based compounds. 
3. Transition metal oxides that react with Li via displacive redox reaction. MO 
(M=Co, Fe, Ni, Cu). 4. Transition metal oxides that react with Li via Li- metal oxide 
bronze formation (Mo, W). Following sections give a brief review on the researches 
on anodes. 
1.9.1   Carbon   
Carbon is the anode material in use in LIB [3,4,6,11,12,14,35,36]. Its choice is 
attributed to a number of physico-chemical characteristics it possesses. A few of them 
include low atomic weight, chemical potential close to the metallic Li (Fig. 1.7), 
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operational safety, cyclability and recharge rate comparable to Li, flexibility and 
economy in cell design. The carbon anodes possess higher dimensional stability than 
metal alloys, and also exhibit higher gravimetric and volumetric energy densities and 
negative redox potential as compared to many metal oxides, chalcogenides and 
polymers [3,4,6].  
1.9.1.1   Types of carbon 
Carbon exists in various allotropic forms, i.e., diamond, graphite and 
fullerenes. Its ability towards Li insertion in terms of capacity, stability, kinetics and 
potential profiles is strongly dependent on crystallinity, orientation of crystallites and 
morphology. Carbonaceous materials suitable for Li-insertion are available in many 
types and are broadly classified as ordered (graphite) and disordered (hard or non-
graphitzing and soft or graphitizing carbons), Fig. 1.9. 
                               Fig. 1.9    Types of carbon. Taken from [11].  
1.9.1.1.1 Graphite 
 It is a two dimensional ordered structure composed of stacked carbon layers 
called graphene layers. These layers may vary in the stacking sequence and give rise 
to hexagonal and rhombohedral graphite. Due to small transformation energy between 
the two forms, perfectly stacked graphite crystals of one type do not exist.  Li-ions 
can be inserted and de-inserted among these graphene layers. Another type of ordered 
Soft Carbon Hard Carbon Graphite
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carbon studied as anodes is carbon nano-tubes (single wall: SWNT or multiwall: 
MWNT structure) [36-38].   
1.9.1.1.2 Non-graphitic carbons 
 In these types of carbons, the atoms are mainly arranged in planar hexagonal 
network but without long range crystallographic order [6]. Their structure comprises 
amorphous areas embedding and cross-linking graphitic regions. These are further 
classified as soft carbons and hard carbons. Soft carbons or graphitizing carbons have 
small crystallites stacked nearly in the same direction. Due to weak cross-linking 
between the carbon layers, the soft carbons form graphite upon heat treatment at high 
temperatures (>2400"C). On the other hand, the crystallites of hard carbons or non-
graphitizing carbons do not have such distinct orientation of crystallites. These 
carbons do not form graphite even at temperature >3000 "C since their carbon layers 
are immobilized by the strong cross-linking.      
New developments include the forms of carbons- spherical mesocarbon 
microbeads (MCMB) [3,4,36,39], carbon fibres [40,41] and synthetic graphite 
[42,43]. The MCMB can be obtained as a petroleum or coal byproduct but is 
expensive due to low yield. They exhibit large capacity after heat treatment at low 
temperatures as well as after graphitization at higher temperatures [4].  
1.9.1.1.3 Reaction mechanism  
The carbon electrodes undergo reversible reaction with Li according to Eqn. 
1.5 and is an insertion-deinsertion (usually called intercalation-de-intercalation) 
reaction. 
xLi1+ +  xe- + 6C ! LixC6                                                                                        (1.5) 
 where 0<x<1, depending upon the type of carbon used. 
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In the case of well-ordered graphite, x=1 and the theoretical reversible 
capacity is 372 mAh/g. The galvanostatic cycling plots for graphite, soft and hard 
carbon during the first discharge-charge cycle are shown in Fig. 1.10. The discharge-
voltage profile of graphite shows plateau regions below 0.3 V vs Li.  These plateaus 
are characterized by the ‘staging process’. The different stage structures are 
designated in terms of stage index n, which denotes the number of graphene sheets 
between adjacent insertion layers. Four different stage structures (n= !,3,2 and 1) for 
the graphite are pure graphite, stage 3, stage 2 and stage 1 respectively [3,4,6,43]. 
Thus, in stage 1, Li-ions are present in between every two layers of graphite.  
          
Fig. 1.10  Voltage profiles of 1st  cycle discharge-charge reaction of (A) graphite, (B) 
soft carbon (coke), (C) soft carbon (low temperature hydrogen containing) and (D) 
hard carbon vs. Li. Taken from [4].   
 
  Theoretically, Li-insertion in carbon is reversible. However, the lithium 
consumed in first charge (Li-insertion) exceeds the expected value of 372 mAh/g 
(Fig.1.10). Actually, Li-intercalated graphite is highly reactive and decomposes the 
electrolyte solution by consuming extra Li and forms a solid film (solid electrolyte 
interphase, SEI) on the surface of the electrode. The SEI is stable and Li-ions 
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consumed in this process are not released back during subsequent cycles, thereby 
causing irreversible capacity loss (ICL) during initial cycle. Thus, the following de-
insertion of Li recovers only 85-90% of this charge. The subsequent cycles show good 
reversibility. In contrast to graphites, the voltage profiles for soft carbons (Fig. 1.10) 
exhibit monotonous charge-discharge profiles without any potential plateaus. This is 
indicative of random Li-insertion between graphene sheets without formation of any 
stage structures. As can be seen from Fig 1.10, the soft carbons and some hard 
carbons, when heat-treated below 1000"C, show specific capacities in the range 500-
1000 mAh/g [3].  The charge-discharge voltage profiles of the said carbons exhibit 
large hysteresis (Fig. 1.10). This leads to poor-cyclability and reduction in the 
capacity to half of the initial capacity after several cycles. Due to this drawback, 
search for high capacity carbon with graphite-like voltage characteristics is still on. 
The investigations include structural modifications (viz., template synthesis) [44], 
surface modification [45], mild oxidation and coating [36], incorporation of other 
elements such as B, O, Si and P [4,6,46].   
1.9.2   Alloy Anodes 
The systems other than carbon which have been investigated extensively for 
use as anodes through reversible reaction with Li via alloy formation are the metals 
and intermetallics such as Al, Si, Sn, Sb, Ge, Pb, Bi, In, SnSb, InSb, SnAg3, Mg2Si, 
Ni3Sn2 [4,6,9,11,12,47-59]. Their electrochemical reaction with Li is represented by 
the Eqn. 1.6.  
               xLi+ + xe-  + M ! LixM           M= Al, Si, Sn, Sb, Ge, Pb, Bi, In etc.      (1.6) 




Table 1.3 Theoretical capacities for alloy anodes. Capacity values indicated in {} are 


















Al LiAl 993{790} 2681{1383} 94 5,6,12 
Si Li4.2Si 4010{2012}  9340{2374} 312 4,5  
Sn Li4.4Sn 948{761} 6901{1941} 259 4,5,6,54 
Bi Li3Bi 385 {350} 3773 115 4 
Pb Li4.4Pb 569{496} 6430 - 12,58 
Sb Li3Sb 660{564} 1881{1788} 147 5,12,54 
Ag Li12Ag 2982{1683} 31311 - 51 
 
The theoretical capacity with the alloy anodes is much higher in comparison to 
graphite except Li3Bi. However, the alloying/de-alloying reaction with Li is 
accompanied by enormous volume changes (~300% in case of Sn, Table 1.3) as 
against LiC6 formation that involves ~10% unit cell volume increase. This causes 
mechanical stresses leading to cracking and crumbling of the electrode that results in 
rapid capacity-fading on cycling. As a consequence, feasibility of the pure metals for 
application in LIB gets impaired. However, the expected high reversible capacity 
remains the motive force to pursue research on alloy systems. It has been 
demonstrated by several researchers that the aforesaid shortcoming can be overcome 
partly by reducing the particle size of the host material and partly by using multiphase 
instead of single-phase materials. To this end, large number of binary and ternary 
alloy powders were investigated for their anodic response. Some examples are: sub 
micro-crystalline alloy powders of Sn-Sb, Sn-Ag, Sb-Ag, Sn-Sb-Ag [50], nano-Bi 
[60], mechanically alloyed Sn-Fe [61], superfine alloys of Sn/SnSbx [62], Cu-Sn [63], 
etc. Li et al. [52] have proposed that, upon Li-insertion, single phase Sn-Sb gets 
separated into Li-Sn and Li-Sb phases and the single phase Sn-Sb is reconstructed 
upon subsequent Li-extraction. This reversible phase separation-reconstruction 
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process was found to be beneficial for good cyclability in comparision to that of the 
pure metals. Another limitation of alloy systems in comparison to graphite is the large 
capacity loss in the first cycle (ICL). The ICL occurs due to following reasons: 
(i) Electrolyte decomposition at the electrode/electrolyte interphase to form solid 
electrolyte interphase(SEI): Similar to graphite[64], discussed in section 1.9.1.1.3.  
(ii) Reduction of oxide impurities: Due to synthetic procedure, the alloy powders 
contain oxide impurities as well. These oxides undergo irreversible reaction with 
Li, forming metal and Li2O during reaction with Li. 
(iii) Loss of contact: The variations in volume during reversible alloying reaction are 
considered to be the cause of electrode cracking and thus contact loss. This 
problem can be minimized by cutting down the particle size.  
(iv) Trapping of Li: This is due to immobilization of Li at the defect site inherent in 
the electrode material or created by the structure destruction during Li-insertion. 
Once Li-ions are trapped in these defect sites, it may be impossible to extract all 
of them.  
(v) Extended SEI formation: Due to (iii) above, the break up of existing SEI may 
occur thereby exposing fresh metal surface to the electrolyte. This will cause new 
SEI formation. Thus, the SEI formation gets extended to few initial cycles. 
Keeping in view the stable cycling performance of graphite over large number 
of cycles and high capacity exhibited by alloys, it was envisaged to arrive at a 
compromising combination of the two [65-70]. Studies covering this aspect describe 
the electrochemical cycling of the composite- carbon nanotubes (CNT) with 28 and 
56 wt% Sn-Sb nanoparticles [65] and a series of nano-SnSb with MCMB [66]. Since 
both CNT/MCMB and SnSb are active hosts for Li, their composites in nanometer 
range, may enhance the interaction between the constituents and circumvent the 
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deficiencies in the electrode performance when each constituent is used alone. It is 
reported that composite materials alleviate the volume variation effectively in 
MCMB/SnSb system if the weight ratio of Sn-Sb is less than 30%. In such a case, 
reversible capacity of 420 mAh/g with small capacity fading up to 25 cycles was 
achieved [66].  
Among various alloy-systems investigated by researchers for anodic 
performance, tin (Sn) has been found to form alloy at ~0.25 V vs Li and provide high 
capacities (Li4.4Sn: theoretical capacity: 761 mAh/g or 1941 mAh/cm3, Table 1.3). 
Several studies on amorphous and crystalline Sn-oxides with or without additional 
metal/non-metal ions were, therefore, carried out. Electrochemical cycling results on 
tin- and other alloy forming oxides, viz., In2O3, PbO, ZnO and Sb2O3 have been 
summarized in Table 1.4. 
Table 1.4  Discharge and charge capacities of  binary and ternary alloy forming metal 
oxide systems investigated for the anodic  behaviour  with  Li. 
   
Capacity (mAh/g) Oxide Anode 
Material 













SnO Li4.4Sn /Li2O 1200  825 (2nd discharge) 74 
SnO2 Li4.4Sn /2Li2O 1450 650 (2nd discharge) 74 
ZnO Li1.0Zn/Li2O 640 390 (1st charge) 91 
CdO Li0.6Cd/Li2O 1023 605 (1st charge) 49 
PbO Li4.4Pb/Li2O 800 420 (1st charge) 91 
In2O3 Li3In/Li2O 630 360 (1st charge) 91 
Sb2O3 Li3Sb/Li2O 780 500 (1st charge) 91 
SiSnO3 Li4.4Sn/SiO2, Li2O 950 550 (2nd discharge) 74 
Li2SnO3 Li4.4Sn /3Li2O 1200 550 (2nd discharge) 74 
Cubic 
SnP2O7 
Li4.4Sn /Li-P-O matrix 963 365 (1st charge) 89 
Layered 
SnP2O7 
Li4.4Sn /Li-P-O matrix 1019  319 (1st charge) 89 
LiSn2(PO4)3 2Li4.4Sn /Li-P-O matrix 851 364 (1st charge) 89 





950 476 (1st charge) 89 
Sn3O2(OH)2 3Li4.4Sn/LiOH, Li2O 1580  600 (1st charge) 94 
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1.9.2.1      Tin-based oxides  
1.9.2.1.1   Amorphous tin composite oxides 
Idota et al. [71] in 1997 reported that amorphous tin composite oxides 
(ATCO) could be the prospective anodes for LIB. The ATCO is a tin oxide glass, 
SnxMyOz where M is a group of glass forming elements (boron and phosphorus) and 
x, y and z are variables. These oxides are prepared by high temperature heating of the 
constituent oxides followed by quenching. In ATCO, SnO is the electrochemically 
active center for reaction with Li. The glassy matrix provides an electrochemically 
inactive network of –(M-O) bonds that separates the Sn atoms. The electrochemical 
cycling was done in the voltage range, 0.0-1.2 V vs Li. Initial discharge capacity was 
~1030 mAh/g (~8 mol of Li per mol of ATCO) (Table 1.4). The corresponding charge 
reaction up to 1.2 V yielded a capacity of 650 mAh/g (~5 mol of Li per ATCO). Thus 
there was an irreversible capacity loss (ICL) of ~37%. Subsequent discharge-charge 
cycles showed good reversibility with ~100% capacity retention. Recently, Chouvin 
et al. [72] have undertaken Sn Mossbauer spectroscopic and X-ray absorption fine 
structure studies on ATCO (SnB0.6P0.4O2.9) and showed that overall Li-insertion 
reaction involves two steps. First, Sn2+ reduction occurs and then Li-Sn alloy 
formation takes place. The findings of Idota et al. [71] have stimulated a large number 
of investigations on Sn-based compounds. Many types of Sn-composites and glasses 
[73-77], binary (SnO, SnO2) [74,75,78-81] and ternary amorphous [82-86] and 
crystalline Sn-based oxides [87-90] were studied as anodic systems. It was revealed 
that cyclability was not as promising as reported by Idota et al. [71] and capacity 




1.9.2.1.2   Binary tin oxides  
Extensive studies on crystalline SnO and SnO2 [74,75,79-81,91] revealed the 
reaction mechanism regarding the first discharge and reversible charge-discharge 
cycling. The first discharge (reaction with Li) is the irreversible structure destruction 
of SnO/SnO2, with the formation of Sn-metal nano particles embedded in Li2O matrix 
(Eqn. 1.7 a and b). Fig. 1.11 shows the cyclic voltammograms (CV) of SnO2 vs Li 
and Fig 1.12 shows the discharge-charge voltage profiles of SnO vs Li. The 
irreversible structure destruction during the first discharge reaction is distinctly 
observed as a cathodic peak at ~0.8 V in Fig. 1.11 and a plateau at ~1.0 V in Fig. 
1.12. This is followed by the alloy formation (Eqn. 1.7c, peak at 0.25 V in CV of Fig. 
1.11 and sloping profile up to lower cut-off voltage in Fig. 1.12) while Li2O remains 
as inactive matrix. The subsequent charge reaction is the dealloying of Li4.4Sn, 
releasing the metal Sn back to the matrix. Thereafter, the reversible alloy/de-alloy 
reaction causes electrochemical cycling and contributes to the observed capacity 
(Table 1.4, Figs. 1.11 and 1.12). The capacity corresponding to Eqns. (1.7a or 1.7b) 
constitutes the ICL.  
SnO + 2Li+ + 2e- ( Sn + Li2O                   (Irreversible)                                     (1.7a) 
SnO2 + 4Li+ + 4e- ( Sn + 2Li2O                (Irreversible)                                     (1.7b) 




Fig. 1.11 Cyclic voltammogram of  SnO2 electrode at room temperature in a LiClO4-
EC-DMC electrolyte. Lithium metal serves as counter and reference electrode. Scan 
rate: 0.1 mV s-1. Taken from [81]. 
              
Fig. 1.12 Voltage profiles of SnO for 10 cycles in voltage ranges, (a) 1.3-0.0 V and 




Insitu and ex-situ XRD studies conducted at different levels of charge and 
discharge reaction of SnO with Li have corroborated the aforementioned reaction-
mechanism [74-76], Fig. 1.13. In a recent study Lupu et al. [78] found that the alloy 
composition is Li17Sn4 and not Li22Sn5(Li4.4Sn) as usually envisaged by earlier work. 
On the basis of in-depth structural and chemical analysis, they proposed that the 
above Li-rich binary phase crystallizes in a complex cubic structure, nearly a Zintl 
phase with the space group, F43m.  
The inactive Li2O or Li-B-P-O matrix, to some extent, retards agglomeration 
of Sn atoms into large coherent grains which decrease the capacity-fading. However, 
on long term cycling (>50 cycles), large volume variations occur during alloying-
dealloying process in the Sn-metal grains leading to mechanical disintegration of the 
electrode and capacity fading. Incidentally, the best operating voltage range for good 
cyclability was found to be 0.0 – 0.8 V for SnO2 [73-75]. This voltage range appears 
to be optimal for all Sn-based systems. 
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 Fig. 1.13 Insitu X-ray diffraction results for Li/SnO cell; (a) scan55: 2.5 V, (b) scan 
31: 0.1 V, (c) scan 17: 0.41 V, (d) scan 12: 0.66 V, (e) scan 1: 1.04 V and (f) voltage 
vs scan number graph for the insitu cell. Taken from [75].  
 
Tailoring the microstructure and realization of amorphous or nano-crystalline 
tin oxides has resulted in the improved anodic performance [92-95]. Electrochemical 
tests on nano-crystalline/amorphous Sn3O2(OH)2 have shown that the first discharge 
and charge capacities are 1580 and 600 mAh/g respectively in the voltage window, 
0.0-0.8 V. After 100 cycles, the reversible capacity remained as high as 500 mAh/g 
[93]. The improved cycling performance is attributed to the nano-crystalline active 
material with the restriction of Sn metal particle aggregation by limiting the voltage 
cut-off to 0.8 V.  
Attempts to tailor the morphology involve the synthesis of compounds as 
crystalline or amorphous thin films of the desired material. Techniques adopted for 
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growing thin films are: electrostatic spray deposition, spray pyrolysis, electron beam 
evaporation and low-pressure chemical vapour deposition [96-101]. Another method 
reported by Li and Martin [102] to tailor the microstructure is template synthesis that 
resulted in SnO2 nano-fibers protruding from the Al-current collector surface like 
bristles of a brush. With the above electrode, extremely high capacity values (>700 
mAh/g in the voltage range 0.0 – 0.9 V), extraordinary rate capabilities and excellent 
cyclability (~100% coulombic efficiency for ~1400 cycles) have been claimed. 
Recently, Kim et al. [103] have reported that AlPO4-nanoparticle coating on SnO2 
particles to be beneficial in suppressing the capacity-fading. In contrast to bare 
(uncoated) SnO2 particles that retained only 8% of the initial capacity after 15 cycles, 
the AlPO4-coated SnO2 retained 44% of the initial value after 15 cycles. 
1.9.2.1.3       Ternary tin oxides    
  A large number of ternary and complex oxides of tin in 2+ and 4+ valence state 
with a wide variety of other metal and non-metal atoms exhibiting different crystal 
structures are known [87-89, 94,104,105]. During the past five years, several of them 
in the form of crystalline, amorphous and nano-particles have been examined as 
prospective anode materials for LIB (Table 1.4). The salient findings of these studies 
are:  
(i) The first-discharge reaction with Li-metal always involves the destruction of the     
crystal structure of the virgin tin-containing mixed oxide, similar to the case of 
SnO and SnO2. This results in the formation of Sn-metal nano-particles and 
Li2O (similar to Eqns. 1.7a and b). However, the potential at which this occurs 
depends very much on the nature of the counter matrix ion (e.g., Mg in 
Mg2SnO4 or Mn in Mn2SnO4) [87], the crystal structure (e.g., cubic vs. layer 
 31
type in SnP2O7) [89,104] and the oxide ion coordination around tin (octahedral 
or tetrahedral). 
(ii) The matrix ion may or may not be reduced to the metal depending on the 
magnitude of free energy of formation of the respective metal oxide in 
comparison to that of Li2O. In the case of Mg2SnO4, studies have shown that 
only MgO [87] is formed, whereas in the case of Co2SnO4 [88] the nano-
particles of Co are formed along with Li2O. Further, Sn-metal nano-particles, 
embedded in the inert oxide matrix, react with Li to form the alloy Li4.4Sn 
(forward reaction of Eqn.1.7c).  
(iii) The first-charge reaction and subsequent discharge-charge cycling involve the 
alloying/de-alloying processes (Eqn.1.7c). However, the oxide Li-M-O 
(M=matrix metal) plays a significant role in absorbing the volume changes of 
the reaction of Eqn.1.7c, and thus contributes to the high and stable capacities. 
Interestingly, the crystal structure of the starting material seems to determine the 
‘structure’ of the ‘Li-M-O’ matrix. Thus, two crystalline polymorphs of the 
same composition (e.g., SnP2O7) can exhibit different cycling behaviour [89]. 
Selected  examples  of interest are discussed below. 
Courtney and Dahn [74] studied the anodic properties of crystalline Li2SnO3 
and SiSnO3. The reaction mechanism for the first discharge and reversible charge-
discharge cycling is given by the Eqns. 1.8a and b. The observed first and second 
discharge capacities are given in Table 1.4.  
6.4 Li + SiSn2+ O3 ( Li2O + SiO2 + Li4.4Sn ! 4.4Li +Sn                                    (1.8a) 
8.4 Li + Li2Sn4+O3 ( 3Li2O +  Li4.4Sn ! 4.4Li + Sn                                           (1.8b)  
   In SiSnO3, lithia (Li2O) as well as silica act as the ‘spectator’ while in 
Li2SnO3, lithia is the spectator.  Connor and Irvine [87] studied three tin oxides 
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having inverse spinel structure (M2SnO4, M=Mg, Mn, Co). Eqns. (1.9) and (1.7c) 
represent the discharge and charge reactions. 
M2SnO4 + 4Li+ + 4e- ( 2(MO + Li2O) + Sn ( M=Mn, Mg )                                   (1.9) 
The matrix (MO + Li2O) or (Co+Li2O) in the case of M=Co could be a mixed 
or a separate oxide phase. The M-spectator causes significant variations in the cycling 
behaviour, Mn2SnO4 exhibiting the best reversibility and Mg2SnO4 the worst. Also, 
the M-metal has been found to influence the potential for the reduction of Sn ion to 
Sn-metal in the starting oxide: Mg: 0.15 V, Mn=0.7 V, Co=0.9 V vs Li/Li+. These 
may be compared to 0.9 V vs Li noted for crystalline SnO2. The influence of crystal 
structure on the cycling performance has been illustrated by Behm and Irvine [89] on 
tin pyrophosphate, SnP2O7 (Table 1.4). Cubic SnP2O7 showed a better performance 
with a reversible capacity of 360 mAh/g and a capacity retention of 96% over 50 
cycles when cycled between 0.02-1.2 V vs Li. This value corresponds to 4.0 moles of 
Li vs theoretical value of 4.4 moles of Li. In contrast to this, the layered polymorph of 
SnP2O7 showed continuously degrading capacity (1.2 moles of Li after 50 cycles). On 
the basis of XPS, coulometry, IR and P MAS NMR studies [104], it has been 
established that the Li insertion in cubic SnP2O7 during first cycle converts P5+ to P4+ 
and the dominant phosphate species in the matrix is (P24+O7)6-. Huang et al. [86] have 
studied nano-sized Mg-tin composite oxide which showed reversible capacity > 600 
mAh/g in voltage range, 0.0-2.0 V in the initial cycling followed by capacity fading.    
1.9.2.1.4 Tin oxide composites 
 Analogous to the approach followed in studies on intermetallics, metal oxide-
carbon composites were also tested as anodes for LIB [106-111]. The studies on tin 
oxide-carbon composites include SnO2-carbon [106], synthetic graphite –SnO 
composite [107], SnO2-graphite nanocomposite [108], Sn-TiO2 [109], SnO2-SiO2 
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mesoporous composites [110], and nanosized tin-zinc composite oxide [85]. It has 
been theoretically envisaged and subsequently established experimentally that due to 
the ductility and the electric conductivity imparted by the graphite matrix, the SnO-
graphite composite possesses greater cyclability as compared to the bare-SnO. Lee et 
al. [107] have suggested that synergistic interactions are present between tin oxide 
and carbon. This leads to higher specific capacities of SnO-graphite than the 
theoretically predicted values based on the algebraic sum of the contributions from 
graphite and tin-oxide. In a recent report, Wang and Lee [108] described the 
preparation and electrochemical response of polyvinylpyrrolidone (PVP)-protected 
SnO2 nano-paricles dispersed in graphite. The 14.5 wt. % SnO2-graphite composite 
showed initial capacity of ~ 460 mAh/g retaining 90% of this value after 30 cycles.    
Since the cathode materials in LIB are invariably the Li-metal-oxides, it is 
natural to look for compatible metal-oxides as prospective anodes. Earlier studies on 
this aspect have shown that there are very few systems which can act as anodes by the 
Li-intercalation/de-intercalation reaction. In most of the cases, these oxides, on 
reaction with Li at voltages V& l.0 V, are either reduced to metal nano-particles or 
give rise to oxygen-deficient lower-valent binary metal-oxide. Recent investigations 
in this area have shown that these metal oxides can act as viable anodes for LIB. A 
brief review of these studies is presented in the following section.      
1.9.3      Oxide Anodes based on Displacive Redox  Reaction 
1.9.3.1    Binary transition metal oxides 
 Tarascon and co-workers [112-119] studied the electrochemical behavior of 
transition metal oxides, MO (M=Fe, Co, Ni, Cu) possessing the rock-salt type structure 
and Co3O4 with Li. The galvanostatic charge-discharge cycling curves are shown in 
Fig. 1.14 a and b. The electrodes comprising nano-particles exhibited high reversible 
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capacity values in the case of CoO and Co3O4 (~700 mAh/g) (Fig. 1.14b), for more 
than 100 cycles at reasonable current rates [112]. The underlying reaction mechanism 
was shown to differ from classical intercalation/deintercalation and alloying/de-
alloying. It involves the displacive redox reaction with the formation/decomposition of 
Li2O according to the Eqn. (1.10) [112,113]: 








Fig 1.14  Voltage-capacity (x in LixMO) profiles of Co, Ni and Fe-oxides for the first 
cycle under galvanostatic cycling in the voltage range 0.01-3.0 V vs Li and at 0.2 C 







Table 1.5 Discharge and charge capacities of  binary and ternary transition metal 
oxide systems investigated for the anodic  behaviour  with  Li. 
 
 
Capacity (mAh/g) Oxide Anode 
Material 






CoO Co/Li2O 900 ~700(100th cycle) 112 
Co3O4 3Co/4Li2O  ~360 120 
NiO Ni/Li2O 975 625 (2nd discharge) 112 
Cu2O 2Cu/Li2O  750 (40th cycle) 112 
FeO Fe/Li2O 1175 725 (2nd discharge) 112 
Fe2O3  500 320 91 




0.5CaO, 3.5 Li2O   
1180 646 (1st charge) 132 
FeBO3 Fe/Li-B-O matrix ~900 ~400 (1st charge) 130 
Fe3BO6 Fe/Li-B-O matrix 965 450 (30th cycle) 130 
Co3B2O6 Co/Li2O,Li3BO3 1437 ~700 (1st charge) 126 
LixNiVO4 - 1118 
 
900(1st charge), 
>600(200th  cycle) 
134 




938  400(100th cycle) 145 
MnMoO4 LixMoyOz/MnO, 
mLi2O 
1800 ~400 (25th cycle) 143 
Li(Li1/3Ti5/3)O4 Li1.86(Li1/3Ti5/3)O4 160 ~150(100th  cycle) 155 
 
Although Li2O is electrochemically inert, it was found to participate in 
electrochemical cycling due to the fact that chemical and physical phenomena are 
strongly affected when dealing with nano-size metals. The fine particles generated 
‘insitu’ during the first discharge, catalysed and enabled the electrochemical activity of 
Li2O. The overall performance of these oxides is dependent on the metal (M), the 
morphology and the operating voltage range. Best results were obtained with CoO in 
the voltage range, 0.0-3.0 V vs. Li. The capacity values displayed by CoO (Table 1.5 
and Fig. 1.14) were found to be higher by ~150 mAh/g than predicted by Eqn. 1.10. On 
the basis of TEM data in the charged- and discharged- state (Fig. 1.15), this additional 
capacity was attributed to the formation of a polymeric gel-type layer around the metal 
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nano-particles up on deep discharge (<0.005 V). This polymeric layer dissolves, once 
the charging voltage is increased to 3.0 V [114].  
          
 
Fig. 1.15 TEM images of CoO electrodes taken at different state of charge. a. CoO 
electrode at first discharged state, to 0.02 V, b. fully lithiated CoO electrode at 0.02V 
after 10 cycles between 0.02-1.8 V, (c) De-lithiated CoO electrode at 1.8 V after 10 
cycles between 0.02 and 1.8 V and (d) Fully reoxidized (charged) electrode at 3.0 V. 
Taken from [114]. 
    
Poizot et al. [112], Larcher et al. [119] and Wang et al. [120,121] have 
examined Co3O4 (spinel structure) for its anodic response. The electrochemical 
reaction with Li was found to be more complex than that of CoO and involves the 
formation of intermediate intercalation product, LixCo3O4 without change of crystal 
structure. However, when a nano-size Co3O4 was used as the starting material, the 
reaction proceeded via the formation of CoO as the intermediate product, the final 
product being Co metal. The oxide was shown to exhibit a reversible capacity of  
~360 mAh/g.  However, Poizot et al. [112] reported high values in their early studies 
(Fig. 1.14).  
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FeO and NiO also show high initial capacities similar to CoO but were found to 
suffer from extensive capacity-fading [112]. However, iron oxide is an interesting 
candidate owing to its abundance in nature and eco-friendliness. Therefore, attempts 
were made by many workers to improve the cycling characteristics by modifying the 
chemistry as is done in the case of tin oxides, i.e., by incorporating the Fe-oxide in a 
spectator matrix with different composition and crystal structure or synthesizing the 
nano particles of the compounds and choosing the appropriate voltage range for 
cycling. Likewise, a large number of binary, ternary and quaternary transition metal 
oxides were also studied [122-137]. 
1.9.3.2  Ternary and complex transition metal oxides  
CaFe2O4 and LiyCa1-(x+y)/2SnxFe2-xO4, 0<y<x and 0<x<0.6, possessing an open 
frame work structure were examined for the anodic performance by Nazar’s group 
[105, 132]. Eqns. (1.11 a,b,c and 1.7c) govern the reactions with Li. The capacity 
values are given in Table 1.5.                   
 CaFe23+O4 +6Li+ +6e-  (  CaO +2Fe + 3Li2O                                                   (1.11a)  
 
Li0.5Ca0.5(Fe1.5Sn0.5)O4 +6.5 Li++6.5 e-(  
                                                             0.5 CaO +1.5 Fe + 0.5 Sn + 3.5 Li2O      (1.11b) 
 
Fe + Li2O  !  FeO  +  2Li++2e-                                                                             (1.11c) 
Both   the compounds show ICL during the first discharge due to the 
formation of Sn and/or Fe in the structure. However, the Sn incorporation has 
enhanced the overall reversible capacity values. The reason is obvious due to the 
participation of Sn via Eqn. (1.7 c) along with redox reaction of iron (Eqn. 1.11c). 
Nano-crystalline thin films of ZnFe2O4, Ag-doped ZnFe2O4 [128] and bulk 
Li3CuFe3O7 (powder) [129] were also investigated. 
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 Iron-boron-oxides, FeBO3 with calcite structure [130,131] and Fe3BO6 having 
the norbergite structure, [130] have been studied as anodes. The initial Li uptake is 
associated with the framework disintegration and Fe metal particle formation in the 
borate matrix. The subsequent cycling takes place via redox reaction of Fe with Li2O 
(Eqn. 1.11c). The Fe3BO6 showed better cycling behavior than FeBO3 with good 
reversible capacity  (Table 1.5). Preliminary results on other borates, M3B2O6, M=Co, 
Ni and Cu were reported by Debart et al. [126]. The electrochemical properties 
followed the same principle as that of the corresponding binary oxides [112], with the 
matrix comprising Li2O and Li3BO3 after structure destruction. Chromium borate, 
Cr3BO6 [133] with norbergite structure showed behavior in the same fashion as the 
Fe3BO6 [130] with Li-insertion potential, ~1.0 V. All the metal borates share the 
problem of capacity-fading on cycling. 
1.9.4  Oxide Anodes based on Reversible Li-metal-oxide Bronze Formation/ 
Decomposition 
1.9.4.1 Ternary oxides of vanadium 
Guyomard et al. [134] studied the LiMVO4 (M= Ni, Co, Cd, Zn; 1<x<8) 
family and found that these crystalline compounds were transformed irreversibly to 
amorphous LixMVO4 (x~8) during the first discharge reaction with Li. Subsequent 
charge-discharge cycles showed a reasonable capacity (>600 mAh/g up to 200 
cycles). Best performance was observed with LixNiVO4 in the range, 0.02-3.0 V vs Li 
with an average voltage ~0.6 V for Li insertion (discharge) and 1.4 V for Li 
extraction (charge). The first charge capacity was ~900 mAh/g (Table 1.5). Regarding 
the reaction mechanism, it was concluded that this is not a construction/reconstruction 
mechanism involving Li2O and M and V metals, and it may also be different from 
classical topotactic intercalation reaction. Other vanadates, FeVO4 1.1H2O, CoV2O7 
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3.3H2O, CoV2O7, LiNiVO4, MVO4 (M=In,Cr,Fe,Al), Ca0.5V3O8, MnV2O6+).nH2O 
(0<)<1), CoV2O6+).nH2O (0<)<1) and LiCoVO4 [135-139] have also been studied. 
These compounds are also capable of reacting reversibly with Li at low potentials but 
vanadium was never reduced to the metallic state during the discharge. To account for 
the large number of recyclable moles of Li, it was inferred that oxygen might also 
have a role in the low voltage reduction process. The exact mechanism governing the 
electrochemical response still remains unclear.  
Wakihara’s group [140,141] has studied the anodic   behaviour   of   
crystalline MnV2O6 with the monoclinic brannerite structure.  It exhibited a first-
charge  capacity of ~670 mAh/g  (Table 1.5 ). The crystal structure destruction took 
place during first discharge with Li. The XANES spectra at various stages of charge 
and discharge suggested that the oxidation state of  ‘V’ changes from +5 to +2 during 
the first-discharge and from +2 to +4 during subsequent charge (Li extraction) while 
‘Mn’ changes from +2 to 0 during initial discharge but remains unchanged during the 
following cycles, thereby playing the role of a ‘spectator’.  
1.9.4.2 Ternary oxides of molybdenum 
Molybdates with scheelite or related structure, MnMoO4 [3,142,143], MMoO4; 
M=Cu, Zn, Ni and Fe with the triclinic structure [144], Na0.25MoO3 [105,145,146] with 
the layer structure and  Sn1-xMoxO2 (cassiterite-type structure) [147] have been studied 
for the anodic properties with Li. Similar to the vanadates, the first discharge 
essentially involves the crystal structure destruction followed by Li-Mo-O (oxide-
bronze) formation and M-metal or MO in the process. The oxidation state of Mo 
approaches zero. Subsequent charge-reaction releases Li along with the oxidation of 
Mo to a higher valency (~4+). The M metal or MO (Na2O) form the spectator matrix. 
However, Zn is assumed to contribute towards capacity by undergoing reversible alloy 
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(LiZn) formation. Observed capacities of MnMoO4 are given in Table 1.5. The Li-
recyclability with binary and ternary molybdenum oxides, MoO3, (MoO2)2P2O7 and 
sodium molybdenum oxides via ‘Li-Mo-O’ bronze formation has also been proved in 
these compounds [148-150]. Mixed molybdenum-vanadium oxides, Mn1-xMo2x         
V2(1-x)O6 (0<x<0.4), having the brannerite structure have also been studied as anode 
materials for LIB [151,152]. Mn0.6Mo0.8V1.2O6 exhibited a higher charge-discharge 
capacity (1000 mAh/g) and enhanced rate capabilities compared to the parent MnV2O6.   
1.9.5    Oxide Anodes based on Li- intercalation/de- intercalation 
Transition metal oxides possessing the layer-type structure, V2O5, Nb2O5 and 
MoO3 can reversibly intercalate Li, without the destruction of the crystal structure 
provided the voltages are above 1.0 vs Li/Li+. Thus, they are more suitable as 
cathodes vs Li-metal anode in batteries, since the redox voltages vary between 1.5-
2.5V vs Li [3]. Studies have shown that the anatase-TiO2 [153] and Li[Li1/3Ti5/3]O4 
[154-158] with the cubic spinel structure exhibit redox voltages of 1.9 and 1.5 V vs 
Li, and 0.5 and 1.0 recyclable mole of Li, respectively. Amorphous [159], nano-
crystalline TiO2 [160,161] and crystalline titanium oxides with hollandite structure, 
KxTi8O16 [162] and La-Li-TiO3 [163] and oxyfluorides, TiOF2 and Nb2OF [164] with 
the cubic perovskite-type structure were also investigated for their Li-insertion/de-
insertion  reaction. 
The Li[Li1/3Ti5/3]O4 has been investigated extensively and is shown to be a 
‘zero-strain’ anode, meaning that the reversible Li- intercalation does not produce 
any unit cell volume change. In addition, the Li- intercalation is a two-phase reaction 
and hence a plateau voltage of 1.5 V vs Li persists till all the virgin oxide is 
intercalated [154, 155, 157]. Fig.1.16 shows the voltage vs capacity plots of the Ti-
spinel vs Li exhibiting excellent cyclability. Thus, except for the relatively high 
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intercalation voltage as compared to graphite, it is a prospective anode for LIB. The 
energy density will be high if we choose to employ high-voltage (*4.5V) cathodes 
and these have been demonstrated [3,4]. 
                               
                                                                   (a)                                                                                           
                         
                                                                     (b) 
Figure 1.16.  (a) Voltage vs capacity profiles of Li(Li1/3Ti5/3)O4 in the voltage range 
1.2-3.2 V vs Li up to 100 cycles, (b) Differential chronopotentiometric curves for the 
same. Taken from [155]. 
 
1.9.6 Metal Nitrides, Sulfides, Phosphides and Fluorides 
Various limitations observed in the use of metal oxides as anodes for LIB, 
stimulated the need for investigations to explore other materials that could perform 
better. Thus, studies pertaining to binary/ternary metal-sulfides,-nitrides, -phosphides 
and -fluorides were undertaken [4,12]. The overall Li-uptake/removal for a binary 
metal compound MXm (X=F,O,S,N,P) is given by the following equation.  
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     nLi + MXm ! M + nLiXm/n                                                                           (1.12 ) 
 where, m=n for X=F and m=n/2 for X=O,S  
1.9.6.1 Metal fluorides  
Maier and co-workers have examined the Li-recyclability of large number of 
metal fluorides (TiF3, VF3, MnF2, FeF2, CoF2, NiF2, CuF2) [165]. Initial discharge 
reaction involves LiF formation and structure destruction. Most of these compounds 
were found to have high decomposition voltage with respect to Li (> 2.0V). 
1.9.6.2 Metal nitrides 
 Studies on the use of metal nitrides as anodes can be divided into two groups, 
viz., binary and ternary metal nitrides. 
1.9.6.2.1 Binary nitrides 
 The nitrides studied for Li-cyclability include Sn3N4 [4], InN, Ge3N4 [4], 
Zn3N2 [4,166] and Cu3N [4] and Si/TiN composites [167]. The Sn3N4 and InN films 
are deposited by reactive sputtering of the respective metal in an atmosphere of Ar-
N2 mixture. The reaction of the film with Li leads to the formation of LixSn/LixIn 
alloy embedded in a matrix of Li3N. Reversible capacity occurs due to the alloying-
dealloying reaction of Sn/In while Li3N remains as passive matrix. As such these 
compounds exhibited capacity fading possibly due to inability of Li3N to serve as a 
good buffering medium.  
 The electrochemical reactions of Ge3N4, Zn3N2 and Cu3N are not as simple as 
those described for Sn- and In- nitrides. In the case of Ge3N4, only a part of the 
compound seems to undergo structure destruction and alloying while remaining 
portion remains unchanged. This gives rise to an ICL of 50 %. Subsequent cycles 
showed good reversibile capacity, ~ 450 mAh/g in the voltage range, 0.0- 0.7 V vs Li 
at a current of  23mA/g [4]. The reaction mechanisms in Zn3N2 and Cu3N are 
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complex: Zn3N2 undergoes complete structure destruction followed by alloy (LiZn) 
and Li3N formation during the first discharge; evidence for the LiZnN formation was 
also found. Zn3N2 also exhibited poor cyclability. In the case of Cu3N, reversible 
capacity arises due to the formation of Cu and Li3N up on deep discharge and reverse 
reaction occurring during the charge. Cu3N gave capacity values of ~ 300 mAh/g, 
stable up to 200 cycles between 0.0-3.0 V vs Li [4].  
1.9.6.2.2 Ternary nitrides 
Studies on ternary nitrides as anodes were carried out by Suzuki and Shodai 
[168] on Li7-xMnN4 and Nishijima et al. [169] on Li3FeN2. Li7MnN4 crystallizes in 
cubic antifluorite structure built of isolated MnN4 tetrahedra. The Mn and Li are 
located at tetrahedral sites and their orderly arrangement ensures 3-dimensional 
pathways for Li-diffusion. After initial delithiation cycle, the aforesaid compound 
cycles well at ~1.2V vs. Li with a reversible capacity ~300mAh/g accompanied with 
reversible structural transformations. In the case of Li3FeN2 with the orthorhombic 
structure, Fe4N tetrahedra share edges to form 1D- chains along the c direction. 
Delithiation occurs at 1.2 V with the appearance of four phases, all having 
orthorhombic symmetry. Subsequent Li-insertion is a reversible process causing re-
development of the phases [169].  
 The hexagonal Li2(Li1-xMx)N, M=Co, Cu, Ni, (Co,Cu) or (Co, Cu, Fe) being 
isostructural to Li3N were studied for their anodic response [4,170,171]. It was 
reported that Li2.6Co0.4N showed an initial capacity as high as 900 mAh/g in the 
voltage range, 0.1 to 1.5 V but it degraded on cycling. In the case of 
Li2.6(Co0.2Cu0.2)N, a reversible capacity  of 600 mAh/g in the voltage range, 0-1.3 V 
remained stable up to 60 cycles. The phases with Ni and Fe partly replacing the Cu in 
the above compound were also found to exhibit satisfactory performance. The 
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investigations on ternary-metal-nitrides demonstrated their viability as LIB anodes. 
However, they are highly moisture sensitive (hygroscopic). It appears that these 
compounds become amorphous upon first Li-extraction, making it difficult to 
understand the exact reaction mechanism.  
1.9.6.3 Metal phosphides 
Various metal phosphides have been investigated as prospective anodes for 
LIB: MnP4 [12], FeP2 [4], Li2CuP, Cu3P [172], CoP3 [4,173,174] and recently Sn4P3 
[175]. The layered MnP4 compound comprises infinite sheets of MnP6 octahedra 
linked by P-P bonds both within the sheets and between the sheets. Li-insertion 
causes the formation of Li7MnP4, possessing the antifluorite structure [12]. This 
reaction is reversible and the original MnP4 phase can be restored upon Li-
deintercalation. However, the reactions are accompanied by extensive unit cell 
volume variations leading to capacity fading. Observed initial reversible capacity was 
700 mAh/g (theoretical ~ 1050 mAh/g).  
The reaction mechanism for FeP2 [4] has been explained on the basis of XRD, 
XAS and magnetic measurements. First discharge cycle is associated with 6 moles of 
Li-insertion and a capacity of 1365 mAh/g leading to an amorphous phase with 
substantial Fe-P bonding. The XAS and EXAFS analyses showed that the end product 
is ‘Li-Fe-P’ and is devoid of a specific compound like Li3P. Thus, it was suggested 
that Li insertion causes the expansion of phosphorous network lattice and 
incorporation of additional Li leads to the formation of disordered, metastable 
‘Li3Fe0.5P’ lattice. The following charge cycle causes de-insertion of  5.5 moles of Li 
and a capacity of 1250 mAh/g.  
  CoP3 forms nano-Co particles dispersed in Li3P matrix up on reaction with Li 
[4,173,174]. The charge reaction is associated with the decomposition of Li3P while 
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Co remains inactive. Thus, after first discharge cycle, the capacity arises by the 
reversible formation of Li3P from Li and P. However, another mechanism based on 
the transformation between Li3P and LiP has been proposed by another group of 
researchers [173]. In both the cases a capacity > 400 mAh/g has been reported which 
is well below the theoretical value. 
Sn4P3 [175] has a layer structure with two non-equivalent phosphorous atoms 
located in the center of the tetragonal structure which are octahedrally surrounded by 
six tin atoms. Based on XRD, XAS and electrochemical data, a three-step reaction 
mechanism has been proposed for first discharge reaction of Sn4P3  with Li.  
     Step 1.   Sn4P3 + 2Li+  + 2e-  ( Li2Sn4P3                                                       (1.13 a) 
     Step 2.   Li2Sn4P3 + Li+ + e-  ( 4Sn + 3LiP           (between 0.8-0.6 V)         (1.13b) 
     Step 3.    Sn + 4.4Li+ + 4.4e- !  Li4.4Sn                          (below 0.6 V)         (1.13c) 
                    LiP + 2Li+  + 2e-   !Li3P 
First charge cycle is the reverse of step 3, i.e., dealloying reaction of Li4.4Sn 
followed by conversion of Li3P to LiP. The compound showed good cyclability and 
retained 370 mAh/g up to 50 cycles in voltage range, 0.0-0.72 V. 
1.9.6.4  Metal sulfides 
 Tin and iron sulfides were investigated as anodes for LIB [176,177]. The SnS2 
powder made by sonochemistry and annealed at 400"C showed initial capacity values, 
600 mAh/g in the voltage range, 0.0-2.0 V vs Li [177]. First discharge reaction is the 
structure destruction of SnS2 causing the formation of Sn-metal in a matrix of Li2S 
(Eqn. 1.14). Following charge-discharge cycling takes place by the Li-Sn alloy 
formation as per Eqn 1.7c. 
SnS2    +   4.0 Li "  Sn + 2Li2S                                                                             (1.14)   
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1.10 Electrolytes for LIB 
 An ideal electrolyte for LIB is a high-ionically conducting medium for Li-ions 
and has high electronic resistance. Since the LIB exhibit average charge-discharge 
voltage, ~3.7 V vs. Li and the decomposition potential of water is 1.23 V, therefore 
aqueous electrolytes cannot be used. Hence, inorganic Li-salts dissolved in organic 
solvents with large voltage stability window are chosen as the LIB electrolytes. The 
desirable characteristics of good electrolyte are: high ionic conductivity, high 
chemical and electrochemical stability, safety, non-toxic and cost effectiveness. To 
accomplish these requirements, the pre-requisites for the solvent are low melting 
point, high boiling point, low vapour pressure, low viscosity and its temperature 
coefficient, good thermal stability and high dielectric constant. Common solvents are 
the organic carbonates – propylene carbonate (PC), ethylene carbonate (EC), dimethyl 
carbonate (DMC), diethyl carbonate (DEC) and dimethoxy ethane (DME) [178]. 
Usually two or more solvents are mixed to meet the optimum characteristics. A good 
combination is EC:DEC (1:1) by volume. The Li-salts of choice are Li-triflate 
(LiCF3SO3), Li- trifluoromethanesulfonimide (Li(CF3SO2)2N) and Li-
hexafluorophosphate (LiPF6) [11]. Table 1.6 shows the conductivity of EC based 
electrolytes at 25"C. The composition of standard liquid battery electrolyte is 1M 
LiPF6 in EC:DEC (1:1).  
 Major problems associated with the liquid electrolytes are the possibility of 
leakage, side reactions occurring with the charged cathode and discharged anode over 
long term cycling operation and expensive casing needed to incorporate the liquid 
electrolyte. The possible remedy adopted to circumvent some of the above problems 




Table 1.6   Ionic conductivity of EC based electrolytes (EC:co-solvent, 1:1 by 
volume) at 25"C. Taken from [11].  
        




















1.10.1   Glassy and Ceramic Electrolytes for LIB 
 Inorganic Li-solid electrolytes have Li+ ions as the only mobile species and the 
anions and other cations constituting the solid, form a rigid framework. Use of them 
helps in suppressing the undesirable side reaction problem associated with the liquid 
electrolytes and provides mechanical strength to the electrolyte. The solid electrolytes 
are classified as glassy and ceramic electrolytes. The perceived advantages of glassy 
electrolytes over the ceramic electrolytes are- isotropic conductivity, ease of 
fabrication, ability to form dense thin films and lack of grain boundaries.  
1.10.1.1   Oxide and sulfide glasses as solid electrolytes 
 The oxide Li-ion glasses have the advantage of good stability in air but give 
very low ionic conductivity values. Reasonable conductivity values were achieved by 
mixing the glasses with the so-called glass forming elements, such as Se and B.  Li- 
sulfide glasses based on SiS2, P2S5 and B2S3 give high conductivity and low activation 
energy in comparison to oxide glasses due to weaker bonding of Li with non-bridging 
sulfur anions and higher polarizability of sulfuide ions. However, due to high 
reactivity in air, these Li-glasses are difficult to handle. Example of these glasses are 
Li2S.P2S5, Li2S.SiS2 and oxysulfide compositions [4]. Addition of small amount, ~5 
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mole% of different Li-metal-oxides (silicate, phosphate and germanate), can stabilize 
the sulfide glass structure. Attempts were made towards enhancing the conductivity 
by doping the glasses with Li-halide [179,180]. Highest conductivity, ~2mS/cm was 
reported for LiI doped sulfide glass with the composition, 60Li2S.40SiS2.2.8TaS2.4LiI 
[4,180]. 
1.10.1.2 Crystalline ceramic electrolytes 
 Ceramic electrolyte materials include oxides, sulfides, nitrides, halides and a 
variety of polyanion compositions. Several important issues arise for each class of 
crystalline ceramic electrolyte: electrochemical stability, grain boundaries and 
fabrication as thin sheets. Grain boundaries in polycrystalline or granular electrolytes 
give rise to an inherently lower bulk density, higher defect concentration, space 
charge polarization and segregated impurities. The latter may form resistive barriers 
for Li+ but fast paths for other species, increasing the likelihood of an internal short 
circuit. Studies have been carried out on the ceramic electrolytes mainly with the 
perovskite and NASICON structure. 
1.10.1.2.1 Perovskite electrolytes 
 Lithium ion conducting oxides with the perovskite structure (ABO3, where A 
and B are metals) have been explored as crystalline solid electrolytes for LIB. These 
materials possess an open structure with many vacant A-sites through which Li-ions 
can move easily. In particular, the solid solution of rare-earth (e.g., La, Nd, Sm) and 
Li cations in perovskite structure, La(2/3)-xLi3xTiO3 [181], A1/2Li1/2TiO3 (A=La, Pr, Nd, 
Sm) [182,183], La(1/3)-xLi3xNbO3 [184], La(1/3)-xLi3xTaO3, (La1/4Li1/4)1-xSrx/2TaO3 [183] 
have been proposed as good candidates, with La(2/3)-xLi3xTiO3 (x=0.11) exhibiting a 
high room temperature conductivity of 1.5 % 10-3 S/cm [4].   
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1.10.1.2.2   NASICON type electrolytes   
 The Li-phosphate glasses with the formula, Li1+xM2(PO4)3, where M is one or 
more ions in tri-, tetra- and penta- valent state and 0<x<3, belong to the NASICON 
family (acronym for sodium super ionic conductor). The structure comprises PO4 and 
MO6 polyhedra linked at corners to form open 3D tunnels. The Li-ions are located in 
the 3D-channels running along the three crystallographic directions. Widely studied 
compounds are the Ti-based NASICON type materials. High room temperature ionic 
conductivity, ~10-3 S/cm has been reported for crystalline Li1+x(AlxTi2-x)P3O12 
(x=0.3), Li1+x(AlxGeyTi2-x-y)P3O12 (x=0.5 and y=0.8) [185-187], Li1.4(Al0.4Ge1.6)(PO4)3 
[188], Li1+x[(Ta1-xGex)Al](PO4)3 (x=0-1.0) [189]. Although the bulk conductivities of 
these materials are high (0.7 % 10-3 S/cm), their applicability as solid electrolytes is 
limited by the large grain boundary impedances. One possible suggestion to overcome 
this drawback is by forming a glass-ceramic (vitrification followed by high 
temperature anneal) of these compounds [190-192]. 
1.10.2  Polymer Electrolytes for LIB 
  The promising materials meeting the ionic conductivity values comparable to 
that of the liquid electrolytes and dimensional stability comparable to the solid 
electrolytes, are the  polymer electrolytes. The desirable characteristics expected from 
them are: high ionic conductivity at room temperature, high mobility of Li+ ions, good 
mechanical properties, good interfacial contact with electrodes, wide electrochemical 
voltage stability, chemical and thermal stability, safety, benign chemical composition 
and ease of processing. A LIB incorporating the polymer electrolyte offers superior 
mechanical-electrochemical properties, imparts design flexibility, eliminates the need 
of separator, and provides full plastic structure to the battery. The polymer-electrolyte 
in the form of membrane allows the fabrication of battery in any desired shape, a 
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target difficult to be achieved with liquid electrolyte. Finally, the absence of liquid 
allows packaging in light-weight containers thereby decreasing the cost of the battery. 
The polymer electrolytes can be classified in two broad categories: (i) pure solid 
polymer electrolytes (SPE) and (ii) plasticized or gelled polymer electrolytes [193, 
194]. 
1.10.2.1   Solid polymer electrolyte (SPE) 
 The SPE comprises Li-salts (LiClO4, LiBF4, LiPF6, LiCF3SO3, LiN(CF3SO2)2) 
dissolved in high molecular weight polyether hosts (e.g., poly(ethylene oxide), 
poly(propylene oxide), poly(vinylidene fluoride))[195] and copolymers 
(polysiloxalane and polyphosphazene) which act as solid solvents. The SPEs are 
generally produced in thin-film configuration by using solvent evaporation coating 
techniques. The ionic conduction mechanism is based on the local segmental motions 
of the polymer. The conductivity values obtainable with the poly ethylene oxide 
(PEO)-Li salt based solid electrolytes offers a practical value ~10-4 S/cm only at 
temperature >60"C. Several methods are adopted to improve thermal stability, room 
temperature ionic conductivity and mechanical stability of the SPE films. One method 
is the dispersion of micro/nano-sized filler particles in to the host polymer matrix 
[196-198]. Scrosati and co-workers [196] showed that conductivities, ~10-4 S/cm can 
be achieved at a temperature of 50"C by making nano-composite polymer electrolyte 
of PEO-LiClO4 mixed with powders of TiO2 and Al2O3 (particle size, 5.8-13 nm). 
According to a recent finding, PEO-lithium bis(perfluoroethylsulfonyl)imide, 
LiN(SO2CF2CF3)2 electrolyte exhibits good thermal and hydrolytic stability, 
significantly low aluiminium corrosion and conductivity values ~10-5 -10-4 Scm-1 at 40 
and 60"C [199].  
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1.10.2.2 Gelled polymer electrolyte 
 A polymeric gel electrolyte is defined as a system which consists of a polymer 
network swollen with the solvent and Li-salt. Owing to this hybrid network structure, 
gels possess, simultaneously, the cohesive properties of solids and the diffusive 
transport properties of liquids. The gel electrolytes exhibit high ambient ionic 
conductivity but show inferior mechanical properties in comparison to SPE. For 
example, the membrane formed by trapping a solution of LiClO4 in PC/EC mixture 
into a poly(acrylonitrile) (PAN) matrix gives reasonable dimensional stability and a 
room temperature conductivity of 4.5%10-3 S/cm, a value comparable to LiClO4 in PC 
liquid solution. The Table 1.7 lists the room temperature ionic conductivity of PAN 
and PMMA (poly (methyl methacrylate)) based gel electrolytes. 
Table 1.7 Room temperature conductivity and Li-transference number of PMMA and 
PAN based gel electrolytes. Taken from [10].  
 
Electrolyte Conductivity (10-3 S/cm) Lithium transfer 
number 
PAN-PC/EC-LiClO4 4.5 0.5-0.6 
PAN-PC/EC-LiAsF6 4.6 0.6-0.7 
PAN-PC/EC-LiN(CF3SO2)2 2.0 0.7-0.8 




                
 The high electrochemical stability and fairly high Li-ion transference number 
make these gel electrolyte membranes almost ideal for LIB. The thin-layer gel 
electrolyte fabricated with PVDF-HFP copolymer and LiPF6 in EC:DEC forms the 
separator in the commercial ‘polymer LIB’ extensively used as the power source in 




1.11   LIB with non-Graphite Anodes 
 Fabrication and testing of ‘demonstration’ LIB with SnO2 anode (cathode, 
Li(Ni0.8Co0.2)O2; gel electrolyte), Fig. 1.17, [81,202] and CoO/Co3O4 anode (cathode, 
LiCoO2 or LiMn2O4;  liq. electrolyte) [113,117]  have been  reported. This has 
established the feasibility of use of SnO2 and CoO as anodes for LIB.  However, 
large number of studies have been reported with Ti based anodes (Li[Li1/3Ti5/3]O4 
and LiTi2O4) in combination with 4V (or 3.5 V)- cathodes (LiCoO2, LiMn2O4, 
LiFePO4), [155,203] and 5V- cathode (Li[Ni1/2Mn3/2]O4) [204] in LIB with  liquid, 
gel or polymer and solid electrolytes (all-solid-state LIB). The Li4Ti5O12 anode does 
not exhibit much ICL during the first-cycle in contrast to Sn- or Co-oxide -based 
anodes.  
                                  
Fig. 1.17 Typical voltage profile of a discharge-charge cycle of a SnO2/ LiClO4-EC-
DMC-PAN/LiNi0.8Co0.2O2 lithium-ion cell. The single anode and cathode voltage 
profiles are also shown. Cycling rate 0.25 mA cm-2; lithium reference. The capacity is 




1.12 Motivation for the Present Study 
 
As mentioned in sections, 1.6, 1.7 and 1.9, the commercial LIB for portable 
electronic devices comprise LiCoO2 and graphite as the positive and negative 
electrode materials respectively. Tremendous research efforts are being directed 
towards the replacement of toxic and costly LiCoO2 and specialty graphite by cheaper 
and eco-friendly alternates without sacrificing the battery performance. Such 
improved and novel electrode materials are the key to the future generation LIB. In 
the case of anode (negative electrode), metal oxides have been studied as possible 
alternatives to the graphite. Depending upon the nature of the material, these undergo 
reversible reaction with Li by Li-metal alloy formation or displacive redox reaction 
via Li-metal or Li-metal-oxide-bronze formation or Li-intercalation/de-intercalation 
reaction. The key factors influencing the Li-recyclability of metal oxides are: crystal 
structure of the starting oxide, oxygen coordination of the metal ions in the 
compound, the nature and amount of the counter (matrix) ion, particle morphology 
and the operating voltage range. Based on these characteristics, extensive R&D is 
going on world-wide to search for high capacity, metal-oxide based anode material 
for LIB.  
Motivated by the ongoing research on anode materials, I carried out 
investigations on crystalline metal oxides as prospective anodes for LIB. A wide 
variety of compounds possessing different crystal structure and varying stoichiometry 
were studied. Specifically, ASnO3, A=Ca, Sr, Ba (perovskite crystal structure), 
Ca2SnO4 (Sr2PbO4 type structure), K2(M,Sn)8O16, M=Mg, Li, Fe, Mn (hollandite 
crystal structure), CaFe2O4, Li0.5Ca0.5Fe1.5Sn0.5O4, NaFeSnO4 (CaFe2O4-type 
structure), Ca2Fe2O5, Ca2Co2O5 (brownmillerite and related structure), CaMoO4 (with 
and without carbon coating), carbon coated CaWO4 (scheelite crystal structure) were 
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studied. These were synthesized by either high temperature solid-state reaction or sol-
gel method or room-temperature co-precipitation from aqueous solutions. These 
compounds contain one or two of metals Sn, Fe, Co, Mo or W as the 
‘electrochemically active’ centre.  
Techniques used for physical characterization include powder X-ray 
diffraction (XRD), Rietveld refinement of the XRD data, SEM, HR-TEM, X-ray 
photoelectron spectroscopy (XPS), thermogravimetric analysis (TGA) and BET 
surface area. Electrochemical studies were carried out on fabricated cells using Li-
metal as counter electrode by galvanostatic cycling, cyclic-voltammetry and 
impedance spectroscopy. The experimental aspects and results are described and 
discussed in subsequent Chapters. Significant findings of the present work are:  
1. The starting crystal structure plays a significant role on the electrode performance  
    even though the  structure is destroyed by the initial reaction with Li-metal. 
2.  Nano-phase materials perform much better than the macro/microcrystalline ones.      
3. ‘Ca’ acts as a good matrix element in comparison to Na, K, Mg, Ba, Sr.  
4. Carbon-coating of the oxide particles is highly beneficial in giving high and stable       
    capacities.  
 Promising electrochemical cycling behaviour was exhibited by CaSnO3, 
Ca2Co2O5, K2(Li2/3Sn22/3)O16 and carbon coated-CaMoO4. The above research work 
was carried out in partial fulfillment of the requirements for the Ph.D degree. The 
work presented in the Thesis has been published in the open literature. The work 
reported by others in the literature has been duly acknowledged and the Thesis 
contains more than 350 references. Many of them are recent. The training received by 
me in the research methodology is of great value to me and I hope that the research 
results will add to the existing knowledge of the materials aspects of LIB.  
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2.1   Abstract 
The experimental techniques involved and the principles there of, in the 
synthesis and characterization of anode materials have been described in this Chapter. 
The details of coin cell fabrication incorporating these materials as the test electrodes 
and the electrochemical characterization have also been given.  
2.2   Introduction 
This Chapter describes a brief overview of the methods and principles 
involved in synthesis, physical and electrochemical characterization of mixed metal-
oxide powders investigated as anodes for lithium-ion batteries (LIB). High 
temperature solid-state, co-precipitation and sol-gel methods have been adopted as the 
synthetic procedures. Physical characterization techniques include X-ray diffraction 
(XRD), Rietveld refinement of XRD data, scanning electron microscopy, transmission 
electron microscopy, X-ray photoelectron spectroscopy, thermogravimetric analysis 
and BET surface area measurements. Electrochemical studies were done by 
galvanostatic cycling, cyclic voltammetry and electrochemical impedance 
spectroscopy.   
2.3    Synthesis of Metal Oxide Powders  
 Mixed metal-oxide powders have been synthesized by conventional high 
temperature solid-state method [1], solution method (co-precipitation method) [1,2], 
room-temperature precipitation or sol-gel method [1,3]. In the high temperature solid-
state method, stoichiometric amounts of the constituent oxides or carbonates or salts 
of the desired oxide powders were mixed thoroughly in an auto-grinder followed by 
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pelletizing using a hydraulic press. The thermodynamic and kinetic factors are 
important for the desired reaction to occur, therefore, the pellets are sintered up to the 
desired high temperature (700-1300C) in air/oxygen/argon. The furnaces used for 
sintering are: Carbolite, UK- Box or tube furnace and Nabertherm (Germany) box 
furnace. The compounds synthesized are: MSnO3 (M=Ca, Sr, Ba), CaFe2O4, 
Ca2Fe2O5, NaFeSnO4 and K2(M,Sn)8O16, (M=Li, Mg, Mn, Fe).   
 Solution or co-precipitation method [1,2] involves simultaneous precipitation 
of the metals in the form of their hydroxides. The precipitates are washed, filtered, 
dried and finally heated at a relatively lower temperature (600-800"C) in comparison 
to the solid-state method to obtain the final mixed oxide. The technique is superior to 
the solid-state reaction method in the sense that the degree of homogenization and the 
intimacy of contact between the grains is far superior leading to speeding up of the 
rate of reaction and smaller grains of the resulting product. Using this technique, we 
have carried out the synthesis of Ca2Co2O5.  
 Room temperature precipitation method involves the synthesis of the 
compound by precipitating it out from its constituent salt solutions at room-
temperature without any water of hydration. The compound is recovered by filteration 
and drying at 100ºC.  Only few compounds can be synthesized by this method. 
CaMoO4 (with and without carbon coating) and carbon-coated CaWO4 have been 
synthesized by this method. 
 Sol-gel method [1,3] involves two processes, the formation of sol followed by 
gelation and heating at elevated temperature (500-800"C). It is advantageous over the 
solid-state method since it involves a relatively low temperature synthesis and 
microstructure can be tailored. The sol is formed by dissolving the constituent metal 







Reflected X -rays 
complexing/hydrolyzing with organic acids (e.g., oxalic acid, citric acid, tartaric acid). 
Upon aging at ambient or <100"C, these sols change in to gels. The gel is then 
decomposed at a low temperature (~350C) leaving behind a fine mixture of carbon 
with the precursor material. Final product with nano-metre size grains can be obtained 
by sintering at relatively lower temperatures, 500-800"C. This method has been 
employed for synthesizing MSnO3, (M=Ca, Sr, Ba), Ca2SnO4 and CaMoO4. 
 2.4    X-ray Diffraction  
X-ray diffraction technique has been in use for the fingerprint characterization 
of crystalline materials and for the determination of their crystal structure. This 
technique is based on the principle of Bragg’s law of diffraction [1,4,5]. The crystals, 
comprising the regularly repeating structures, are capable of diffracting radiations that 
have wavelength similar to the interatomic separation, ~1 Å. For example, 
characteristic Cu K, X-rays possessing a wavelength of 1.54 Å can be diffracted by 
the crystal lattice. When X-rays with wavelength - at glancing angle + are incident on 
the planes of the crystal or polycrystalline powder comprising parallel lattice planes 
with a spacing d  (Fig. 2.1),  the path difference between the X-rays reflected from 
successive planes is 2dsin+.  
 
Fig. 2.1 Schematic showing the incident and reflected X-rays from crystal lattice     
              planes with an interplaner spacing, d. 
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According to Bragg’s law, the reflected rays will have constructive 
interference when the path difference is an integral multiple ‘n’ of the wavelength -: 
2d sin+ = n -                                                                                                             (2.1)        
At angles of incidence other than the Bragg’s angles, reflected beams are out of phase 
and destructive interference occurs.   
Since a polycrystalline powder consists of minute crystals randomly arranged 
in all possible orientations, various lattice planes are also present in every possible 
orientation. For each set of planes, therefore, at least some crystals must be oriented at 
the Bragg’s angle +, and the diffraction occurs for these crystals and planes. The 
intensities and peak positions of the diffracted beams are usually detected by a 
moveable detector and the resultant X-ray diffraction pattern is obtained in the form 
of plot comprising the diffracted X-ray intensity versus 2+. With the help of Eqn. 2.1, 
the interplaner separation ‘d’ can be readily calculated. The International Centre for 
Diffraction Data (ICDD) has published powder diffraction patterns of a large number 
of compounds in the form of JCPDS cards. The structure of an unknown compound 
can be roughly identified by comparing with the data summarized in these cards. With 
this information in hand, the exact crystal structure, space group and unit cell 
parameters  can be evaluated from the XRD data with the help of softwares available 
for the least square fitting method (AUTOX and FINAX) or Rietveld refinement 
technique (TOPAS and GSAS).  
The Rietveld refinement technique is superior over the ordinary least square 
fitting method in the sense that it is a graphic based profile analysis program built 
around a general non-linear least square fitting system, specifically designed for 
powder diffraction line profile analysis. Whole pattern analysis is done on the basis of 
the fact that the diffracted X-ray intensity and the resultant X-ray diffraction pattern 
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are governed by the instrumental and the specimen based effects. In this method, first, 
the experimental data is obtained and the phases present in the sample are roughly 
identified. Then, the basic structure based on those phases is generated. The generated 
pattern is fitted with the experimental pattern by modifying the structure and 
instrumental parameters itiratively, till the best fit is achieved.  The lattice parameters 
for the compound are also obtained in addition to atom positions, thermal parameters, 
cell volume, density etc. We have used either of the above two software programs to 
identify the crystal structure, space group and evaluation of lattice parameters. We 
have examined the crystal structures of aforementioned mixed-metal oxide powders 
(Secn. 2.2) using Siemens D5005 diffractometer equipped with CuK, radiation. 
2.5 X-ray Photoelectron Spectroscopy 
X-ray photoelectron spectroscopy (XPS) is a surface sensitive technique 
which is widely used to examine the composition and valency-state distribution of 
atom/ion species at solid surfaces. The technique is based on the principle of 
photoelectric emission of electrons from the surface layers of matter upon irradiation 
[6,7]. When a monochromatic beam of X-rays of known energy (h.) is incident upon 
a solid surface, the atoms in the vicinity of the surface absorb discrete quanta of 
energy resulting in emission of electrons with kinetic energy, KE. This KE is 
measured using an electrostatic charged particle analyzer thereby enabling estimation 
of the binding energies according to following equation, 
BE= h. - KE - /s                                                                                                       (2.2) 
where, BE= binding energy of the atomic orbital from which the electron has been 
removed and  /s=  difference in the work function between the sample and the detector 
material. 
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 Mg K, X-rays (1253.6 eV) or Al K, X-rays (1486.6 eV) are usually 
employed as the irradiation beam. An XPS spectrum is a plot of number of emitted 
electrons per energy interval versus their binding energy. Since each element 
produces a unique core level spectrum, the BEs and relative peak intensities provide 
information regarding the constituents of a compound. Further, ionization of p, d and f 
level electrons of an atom leads to doublet structure in the spectrum as a result of 
spin-orbit interactions. For example, the 2p electronic energy levels associated with 
transition metals are split into two distinct peaks, i.e., 2p1/2 and 2p3/2 with different 
BEs. This dependence of core level BE on the oxidation state and/or local 
environment about a particular atom/ion helps in identifying the state-of-charge of 
that element in a solid.     
In the present work, powder samples were analyzed using VG Scientific 
ESCA MK II spectrometer with MgK, X-ray source (h.=1253.6 eV) and with the 
electron analyzer set at a constant pass energy of 20 eV. The peak position was 
calibrated to C 1s peak (BE=284.6 eV) which is always present due to carbon 
contamination in small quantity on the sample surface. The energy resolution of the 
spectrometer is 0.05 eV. The raw spectra were curve-fitted using XPS peak fit 
software. Wherever necessary, the spectra were delineated by non-linear least square 
fitting with a Gauss-Lorentz (ratio 60:40) curve into multiple peaks and the 
corresponding BEs were evaluated.  
2.6     Scanning Electron Microscopy 
 The scanning electron microscopy (SEM) is used to study the surface or near 
surface structure of solids and gives information about the particle size, shape and 
texture [8,9]. In the scanning electron microscope, fine beam of electrons is scanned 
across the specimen by the scan coils, while detector counts the number of low energy 
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secondary electrons or other radiation given off, from each point on the surface. At 
the same time, the spot of a cathode ray tube (CRT) is scanned across the screen, 
while the brightness of the spot is modulated by the amplified current from the 
detector. In modern systems this effect is achieved by digitally controlling the beam 
position on the sample and the resultant image is displayed on a computer screen. We 
have examined surface morphology of powder metal-oxides using SEM (JEOL JSM – 
6700F, Field Emission Electron Microscope). Powder samples were sprinkled on 
double-sided carbon tape pasted on to the sample holder and excess powder was 
blown away by air pump. Insulating samples were coated by thin platinum coating 
using sputtering technique to prevent electrical charging of the specimen. 
2.7    Transmission Electron Microscopy (TEM) 
 Transmission electron microscopy is used to probe the internal structure of 
solids and provides access to micro-structural or nano-structural details. A simple 
TEM comprises an electron gun, condenser lenses, diffraction and projector lenses 
and flourescent screen [10,11]. The electron beam emitted from the gun after being 
accelerated and focused impinges a thinned specimen. The electrons transmitted 
through the sample again pass through electromagnetic lenses and projector and 
finally forms a magnified image of the sample on the screen. Since the electron 
wavelengths are much smaller than the X-ray wavelengths, Bragg’s angle of 
diffraction for the electron beam is small. The diffracted electron beams from the 
sample are concentrated into a narrow cone on the undiffracted beam. By changing 
the relative position of the viewing screen, the diffraction pattern can be obtained 
instead of the image of the sample. The region of the sample that is chosen for 
imaging may be controlled by an aperture. This is important in examining 
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polycrystalline samples comprising multiple phases. The technique is then known as 
selected area electron diffraction (SAED).  
 With the advent of high resolution transmission electron microscope 
(HRTEM) [11], it has been possible to see the details on atomic level. Variations in 
local structure such as site occupancies and vacancies in solids can be observed. The 
HRTEM comprises techniques of image formation by bright-field phase contrast. To 
achieve this, the aperture of the objective lens is made large enough to allow the 
diffracted beams corresponding to the projected crystal planes to pass and the 
passband of the contrast-transfer function must extend sufficiently far. Many non-
equivalent diffracted electron waves then build up an interference pattern in the image 
plane.  We have used TEM (JEOL JEM 3010 operating at 300 kV) to examine the 
amorphous carbon coating on the crystalline samples of CaMoO4 and evaluated the 
interplanar spacing.  
2.8    Thermogravimetric Analysis 
 Thermal analysis may be defined as the measurement of physical and 
chemical properties of materials as a function of temperature. The two main thermal 
analysis techniques are thermogravimetric analysis (TGA) and differential thermal 
analysis (DTA) [1]. TGA measures the change in the weight of a substance as a 
function of temperature or time. The results are usually expressed in the form of 
thermogram, showing weight loss vs. temperature. As an illustrative example, Fig. 
2.2. depicts a single step decomposition reaction. Actual thermogram may have a 
different form if it comprises multiple decomposition steps. The sample (weight, Wi) 
is heated at a constant rate and has a constant weight until temperature Ti. Beyond this 
temperature, the sample begins to decompose until temperature Tf  is reached. There 
after, the weight remains constant, Wf. The difference between the two weights 
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represents loss in weight denoted by # W. This weight loss with temperature is a 
characteristic property of large number of compounds and can be used for the 
quantitative calculations of compositional changes. In the present work, an estimate of 
the carbon coating on CaMoO4 and CaWO4 has been made by TGA using TA 
Instruments (SDT2960 Simultaneous DTA-TGA) from ambient temperature (RT=27 
oC) to 900oC at a heating rate of 5oC/min in air.    
   
 
Fig. 2.2  Schematic thermogram for a single step decomposition reaction.   
 
2.9 BET Surface Area 
 
BET method is the standard technique for measuring surface areas in powder 
materials proposed by Brunauer, Emmett and Teller (BET). It is based on the 
principle of physical adsorption (physi-sorption) of gas molecules at the solid 
surfaces. Physisorbed molecules are fairly free to move around the surface of the 
sample. As more gas molecules are introduced into the system, the adsorbate 
molecules tend to form a thin layer that covers the entire adsorbent surface. The 
volume of gas adsorbed on the surface of the particles is measured at the boiling point 
of nitrogen. This amount of adsorbed gas gives an estimate of the number of 
molecules required to cover the adsorbent surface with a monolayer of adsorbed 
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yields the sample’s surface area in m2/g. Usually, nitrogen is used as adsorbate gas. 
Using argon as adsorbate gas can theoretically improve the sensitivity by a factor of 4. 
This is relevant in cases where the specific surface area is low (<2 m²/g). In the 
present work, Micromeritics Tristar 3000 (USA) apparatus was used for BET surface 
area measurements. 
2.10 Fabrication of Coin Cell 
2.10.1 Electrode Fabrication 
 The electrodes were fabricated using a thick slurry of electrode material, 
conducting carbon (Super P, MMM Ensaco) and binder (Kynar 2801) in the various 
weight ratios (80:10:10, 70:15:15 etc.) using 1-methyl 2-pyrrolidone (NMP, Merck) 
as the mixing medium. This thick and uniform slurry was coated onto an etched 
copper foil by the doctor blade technique. Carbon imparts good inter-particle 
electronic conductivity between otherwise insulating/semiconducting metal-oxide 
grains. PVDF (Kynar) acts as a good binder and helps the coating to adhere well to 
the metal foil. Copper, due to its excellent electronic conductivity and does not form 
an alloy with Li-metal is chosen as the current collector for the electrode material. 
Drying at 80oC in an air oven for 24 h evaporated the NMP. The dried thick film (20-
30 #m) composite electrodes were pressed between twin rollers (Soei Singapore 
Scientific Quartz Co.) at about 1500 kPa pressure prior to cutting in to circular discs 
of diameter 16 mm. This ensures good adherence of the composite electrode material 
on to the Cu-foil. The composite electrode pieces were then vacuum dried at 70C for 
12 h and transferred to the Glove box for incorporation in to coin-cells.    
2.10.2   Coin Cell Assembly 
 The coin-cells were fabricated inside the Ar-filled glove-box using electrodes 
as cathodes and Li metal foil as anodes. The glove box (MBraun, Germany) maintains 
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< 1 ppm of H2O and O2. For making a coin cell, standard stainless-steel cups and lids 
fitted with a plastic ring are used for the casing. Coin cells (size, 2016; 20 mm 
diameter and 1.6 mm thick) comprise composite electrode, Li metal (Kyokuto Metal 
Co., Japan) foil as counter electrode, ‘Celgard 2502’ polypropylene microporous 
membrane as the separator and the solution of 1M LiPF6 in ethylene carbonate (EC) 
and diethyl carbonate (DEC) (1:1 by volume, Merck Selectipur LP40)* as the 
electrolyte (Fig. 2.3). The electrode is placed in the centre of the cup which forms the 
positive terminal of the cell and is wetted with a few drops of the above electrolyte. 
This is covered with the micro-porous separator that is permeable to the Li-ions but 
prevents short circuiting between the two electrodes. It is further wetted with few 
drops of the electrolyte. Circular Li metal disc of the size 13 mm diameter and 0.59 
mm thick is placed centrally on the separator. To ensure good sealing of the battery, a 
steel spring is welded to the steel lid which then rests over Li-metal disc and forms the 
negative terminal of the cell. Finally, hermetic sealing is done with a mechanical press 
(Econo Engineering Pte. Ltd., Singapore). The assembled cells are then transferred 
out of the glove box for electrochemical characterization.  All the cells are 
equilibrated/aged for 24 hrs at ambient temperature before making any measurements.  
The Li-metal is used as the  counter and reference electrode  and its voltage  is  
* Physical properties of EC and DEC. Taken from W. A. van Schalkwijk, B. Scrosati 
(Eds.), ‘Advances in lithium-ion batteries’,  Kluwer Acad./Plenum, NY (2002) p314. 





























defined arbitrarily as zero. It serves as a source of infinite Li-ions, when in contact 
with electrolyte. Hence, the composite electrode in the cell reacts with maximum 
possible amount of Li during discharge. During charge-process, Li-ions will get 
reduced   and   deposited   on   to   Li-metal.  Therefore, the  electrochemical – 
cyclingresponse of the cell is the resultant of changes in the composition-voltage 
change with respect to the composition of cathode material only during charge and 
discharge processes. Such a cell configuration employing one working electrode and 
one counter (reference) electrode is called half-cell configuration. Thus, the capacity 
of cell with Li-counter electrode is in fact the practical capacity of cathode. 
 
 
Fig. 2.3 (a) Schematic of coin cell assembly and (b) photograph of fabricated coin  
              cell. 
 
2.11   Electrochemical Studies 
 
            The electrochemical cycling studies can be performed under constant current 
or constant potential conditions. These two techniques are called galvanostatic and 
potentiostatic cycling.  
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2.11.1 Galvanostatic Cycling  
This method is based on the principle of voltage-composition relationship of 
an electrochemical cell, i.e., cell voltage varies as a function of the state of discharge 
or charge of the electrode vs. Li-metal, as the reference [12]. Therefore, in 
galvanostatic method, the cell is discharged or charged at a constant current and the 
resulting cell-voltage is plotted as a function of time or the state of charge/discharge. 
The voltage-composition relationship depends upon the current rate at which the cell 
is charged or discharged. The shape of the discharge curve (voltage vs. state of 
charge) is the result of the change of the potentials of both electrodes as the overall 
reaction takes place. If  the potential  of  one  of  the  electrodes  does  not  vary,  the 
variation of the cell voltage is due to the other electrode as its overall composition 
changes.  
The discharge-voltage profiles of commercial LIB under galvanostatic 
conditions using LiCoO2 cathode and graphite anode at various current (C) rates are 
shown in Fig. 1.3 (Chapter 1). Depending on the C rate, the average discharge voltage 
varies from 3.6-4.0 V and the capacity values are in the range 600-750 mAh for the 
particular model and type. 
We have done galvanostatic cycling studies on the cells comprising metal 
oxides as cathodes with respect to Li-metal as counter electrode at ambient 
temperature (RT=27ºC) by computer controlled Bitrode multiple battery tester (model 
SCN, Bitrode, USA) for a fairly large number of charge-discharge cycles. The 
resultant output of the measurement is in the form of data comprising step discharge-
charge time, variation of voltage and overall energy output (discharge/charge 
capacity) in terms of mA.h (coulombs) with respect to time for the weight of the 
active material of the electrode. The specific discharge/charge capacity (mAh/g) (and 
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the number of moles of Li) can then be deduced from the known weight of the active 
material (and its molecular weight).  
The theoretical specific capacity of a metal-oxide is calculated by assuming 
that all the Li per formula unit of the oxide participates in the electrochemical reaction  
and is given by : 
1000
   3600  M
)n  (F




                                                               (2.3) 
where, F=Faraday’s constant (96,500 coulombs per gm.equiv.), nLi= number of Li 
participating  per  formula unit  of the  oxide (e.g., nLi=4.4 for Sn, 2 for Co), M= 
molecular mass of the oxide. 
For example, the theoretical reversible specific capacity of SnO2 is  
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assuming that SnO2 is reduced to Sn-metal which then forms alloy, Li4.4Sn.  
Similarly, the actual amount of Li participating in charge-discharge process is 
calculated from the experimental values of specific capacities. A comparison of the 
galvanostatic cycling response in terms of the acheiveable capacities and cyclability 
with the theoretical results, help decide the suitability of the compound for its 
application as anode for LIB.  
2.11.2 Cyclic Voltammetry 
 
Cyclic voltammetry is an extensively used technique in electrochemistry for 
acquiring information regarding the redox potentials, alloying-dealloying reaction, 
phase transitions that may precede or follow the main electrochemical reaction and 
electron transfer kinetics. Quantitative information on diffusion coefficients of species 
participating in the reaction together with the values of equilibrium potentials of the 
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electrode reactions can also be generated using this technique. This technique is based 
on scanning linearly the potential of a working electrode with respect to a standard 
counter/reference electrode over full anodic and cathodic potential limits [12,13,14]. 
The rate of change of potential (mV/s) is referred to as the scan rate. The electrolytic 
current (mA) flowing through the electrolyte (or i%t, mAh, where t is the time) 
between the electrodes is plotted as a function of the potential. Depending on the 
information gathered, the process can be repeated to more that one cycle. The 
resulting current-voltage plots are called cyclic voltammograms (CV). Following 
example illustrates the applicability of CV in understanding the electrode reactions 
and the structural phase transitions occurring at the electrode during cycling.  
Figs. 2.4 (a) and (b) shows the CV of LiCoO2 (vs Li metal as counter and 
reference electrode) prepared by molten salt method employing LiNO3-LiCl eutectic 
at 650 and 850"C respectively [15]. Apart form first few cycles representing 
‘formation’ of electrode, rest of the cycles of LiCoO2 synthesized at  650"C show a 
peak-pair at 4.0 and 3.84 V for anodic and cathodic scans respectively indicative of 
Co3+/4+ redox couple. The peak areas for these cycles remain almost constant with 









Fig. 2.4 Cyclic voltammograms of LiCoO2 vs Li metal prepared at (a) 650"C and (b) 
850"C. Scan rate is 0.058 mV/s. Voltage ranges and number of cycles are shown. 
Modified from [15]. 
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The additional peak-pairs at 4.1/4.06 and 4.2/4.18 V in Fig. 2.4 (a) during anodic and 
cathodic cycles are due to reversible hexagonal (H1)!monoclinic (M)!(H1) 
structural transitions of LiCoO2, which occur due to ordering of Li-ions (or Li-
vacancies) in the Li-layers in the crystal lattice.  
The CV of LiCoO2 synthesized at 850"C (Fig. 2.4 (b)) are devoid of peaks 
corresponding to the above structural phase transitions and is attributed to the 
suppression of the phase transitions in LiCoO2 synthesized at 850"C. In the present 
work, CV studies were done on the composite metal-oxide electrodes vs. Li metal at a 
scan rate of 0.058 mV/s using computer controlled MacPile II (Biologic, France) unit 
at room temperature.  
2.11.3  Electrochemical Impedance Spectroscopy (EIS) 
In electrochemical impedance spectroscopy (EIS), the cell is held at 
equilibrium at a fixed dc potential and a small amplitude ac signal (5-10 mV) is 
superimposed on it [12,16,17]. The response of the system to this perturbation from 
equilibrium is measured in terms of the amplitude and phase of the resultant current, 
which in turn is a measure of the overall impedance of the cell. The frequency of the 
ac signal is varied to study the impedance variation of the cell as a function of 
frequency. The impedance can be represented as a vector diagram displaying the in-
phase (real, Z´) and out of phase (imaginary, Z") impedances, total impedance and the 
phase angle. Such plots that display the imaginary vs the real impedance at each 
frequency are called Nyquist plots. EIS is a non-destructive and powerful technique 
for the evaluation of wide range of materials, including corrosion inhibitors, batteries 
and fuel cells. EIS can provide detailed kinetic and mechanistic information and can 
be used to monitor changes in battery properties under different usage and storage 
conditions such as: 
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1 Analysis of state of charge 
1 Study of reaction mechanisms 
1 Change of active surface during operation 
1 Separator evaluation 
1 Passivating film behaviour 
1 Separation and composition of electrode kinetics on each electrode 
1 Identification of possible electrode corrosion process 
1 Investigation of the kinetics at each electrode  
The total impedance is determined by the impedances of the various 
components of the cell, e.g., electron transfer kinetics, diffusion, passivating layers, 
charge transfer impedance, bulk impedance etc. The relative contributions of the 
various components vary with frequency. The electron transfer kinetics dominates at 
high and intermediate frequency range(1 MHz-1 kHz) whereas diffusion dominates in 
the low frequency range (1kHz-3 mHz). Hence, measurements over wide frequency 
range facilitate to distinguish between such time-dependent contributions to the over 
all impedance.  
 Quantitative data may be obtained from EIS by modeling the aforementioned 
time-dependent components of the impedance with the physical and mathematical 
components, viz., using a combination of resistors and capacitors in series or parallel 
fashion such that each equivalent circuit element corresponds to a component of the 
electrochemical cell and thus the model simulates the experimental impedance 
spectrum. For example, a resistor may be used for solution resistance and a parallel 
combination of resistor and a capacitor for the charge transfer at the electrode-
electrolyte interface. A number of circuit elements and their corresponding values of 
impedance are presented in Table 2.1.  
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Table 2.1 Common circuit elements used in EIS models.   
Circuit element Impedance 
R (resistance) R 
C (capacitance) 1/j$C (j=%-1, $=angular frequency) 
L (inductance) j$L 
W (infinite Warburg) (Diffusion impedance) Y/2(j$), Y=Diffusion resistance 
CPE (constant phase element) 1/(j$C),, C=ideal capacitance and 
,=empirical constant, 0<,<1; when  ,=1, 
CPE acts as ideal capacitor 
 
A simple model (Fig. 2.5a) built from these circuit elements is the Randles 
circuit comprising R and C combination includes solution resistance Ro, a charge 
transfer resistance Rct (associated double layer capacitance Cdl) and Diffusion or 
Warburg impedance, Zw. The corresponding Nyquist plot (Fig. 2.5 b) comprises a 
single frequency-dependent semicircle (representing charge-transfer impedance) 
followed by two straight lines in the low frequency region, representing solid-state 




        
 
(a) (b)  
 
Fig. 2.5   (a) Equivalent circuit using R and C combination with (b)    





 The Nyquist plots for real electrochemical cells are more complex and need 
more circuit elements for proper modeling [16,17]. The EIS experiments in the 
present work were performed on coin-cells using the Solartron Impedance/Gain-Phase 
Analyzer (SI 1260) coupled with a Battery Test Unit (1470). An ac signal with 
amplitude of 5 mV was used to measure the impedance response over the frequency 
range varying from 0.35 MHz to 2 mHz. Data acquisition and analysis were carried 
out using the electrochemical impedance software, ZPlot and  Zview  (Version 2.2, 
Scribner Associates Inc., USA). 
2.11.3.1 Determination of diffusion coefficient of ions from EIS 
In a Nyquist plot, the low frequency straight line (Warburg-type region) 
represents the solid-state diffusion of ions in the electrode and can be used for 
determination of diffusion coefficient of ions (Di(EIS)) [18]. Following expression is 

























0                                                                                  (2.5) 
where, Vm is the molar volume, F is the Faraday constant, A is the electrode area, AW 
is the Warburg coefficient obtainable from the Warburg region of the Nyquist plots. 
The dE/dx, change in the voltage due to a change in the Li-content x, in the active 
material, is determined from the galvanostatic intermittent titration technique (GITT).  
2.12   Other Electro-analytical Techniques  
 The voltage-composition relation and ion-transport properties (e.g., 
lithiation/delithiation rate and diffusion coefficient of Li-ions) can be determined 
either in a current controlled mode or in a potential controlled mode. These techniques 
are called GITT and “potentiostatic intermittent titration technique (PITT)”. Both the 
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techniques have been used to determine the kinetics of Li-ion diffusion in LIB anode 
and cathode materials. 
 In the GITT, successive charge increments ($Q) are fed to the host electrode 
with a known composition in thermodynamic equilibrium with the reference electrode 
by applying a constant current flux (i) for a given time ?, ($Q=i. ?) and then switching 
to open circuit condition for determining the corresponding equilibrium potential [19]. 
Depending on the direction of current flow, the initial cell voltage (E0) increases (or 
decreases) with time, which is superimposed to an IR drop due to the current flux 
through the electrolyte and interface. The total change in cell voltage $E? during the 
current flux can then be obtained by neglecting the IR drop. After the current is 
interrupted at ?, the cell is allowed to relax to its new steady-state potential Es, from 
which the change in the steady state voltage $Es=(Es-E0) over the galvanostatic 
titration can be determined. The procedure is then repeated until the composition 
interval of interest (x) is scanned. The diffusion coefficient of Li-ions (Di) in the 
compound can be determined by solving Fick’s second law of diffusion. After a series 
of assumptions and simplification, for a sufficiently small current where $Es for a 
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where, mB, Vm, MB and A are mass, molar volume, molecular weight and geometric 
area of the active material in the electrode. 
 In the PITT, the electrochemical system is perturbed with a potential step and 
the current, i is measured as a function of time, t [20]. On the basis of the solution to 
Fick’s diffusion equation, the concentration and current profiles as a result of the 















0 @                                                                              (2.7) 
where, $Q is taken as the charge transferred when the current has decayed to less than 
1% of its initial value and r is the radius of the active particles. The value of )ti( max 
in eqn. (2.7) is the largest ordinate value in the )ti(t)(  vs. 1/ %t representation of the 
current response [21]. The value of )ti( max is also equal to the slope of the tangent to 
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3.1     Abstract 
The compounds CaSnO3, SrSnO3, BaSnO3 and Ca2SnO4 have been 
synthesized by solid-state and/or sol-gel methods, characterized by X-ray diffraction, 
X-ray photoelectron spectroscopy and SEM techniques and their electrochemical 
properties were studied as cathodes vs Li metal in the range, 0.005-1.0/2.0 V. ASnO3, 
A=Ca,Sr,Ba adopt the perovskite structure whereas Ca2SnO4 has the Sr2PbO4 
structure. The discharge capacities (mAh/g) (moles of equivalent Li) at the 20th cycle 
at the current rate of 30 mA/g and voltage range 0.005-1.0 V are: CaSnO3 (solid-
state) (310 (2.4)), CaSnO3 (sol-gel) (379 (2.9)), SrSnO3 (solid-state) (144 (1.4)), 
SrSnO3 (sol-gel) (222 (2.1)), BaSnO3 (solid-state) (190(2.2)), BaSnO3 (sol-gel) 
(156(1.8)) and Ca2SnO4 (247(2.4)). The CaSnO3 and SrSnO3 (sol-gel) possessing 
nano-particle morphology showed better galvanostatic cycling performance than the 
corresponding solid-state synthesized compounds. The cycling behaviour of SrSnO3 
and BaSnO3 were found to be inferior in comparison to Ca2SnO4 and CaSnO3, 
thereby proving that ‘Ca’ is a superior matrix element than Sr or Ba. The CaSnO3(sol-
gel) showed a reversible capacity of 379 mAh/g stable up to 100 discharge-charge 
cycles. The inferior electrochemical performance of Ca2SnO4 in comparison to 
CaSnO3 reveals that   the higher Ca:Sn ratio in the former is not advantageous and the  
*Work presented in this Chapter has been published in the following journals: 
1. Electrochem. Commun. 4(2002) 947-952; 
2. Solid State Ionics: Trends in The New Millennium, eds. B.V.R.Chowdari, S.R.S.      
Prabaharan, M. Yahaya, I.A.Talib, World Scientific, Singapore, 2002, p87-95;  
3. J. Power Sources 139(2005)250-260. 
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perovskite structure is preferable to that of Sr2PbO4 structure. The coulombic 
efficiencies are  >98%  in  all cases. Cyclic voltammetry complements the observed 
cycling behaviour. 
3.2     Introduction 
 
Among the most advanced of all rechargeable power sources, lithium ion 
batteries (LIB) exhibit maximum energy density and have the capability to compete 
with the ever-growing energy needs for portable electronic devices. As described in 
Chapter 1, the performance of LIB is based on the shuttling of Li-ions between the 
positive and negative electrodes, which in turn, to a great extent relies on the stability 
and current rate capability of the electrode materials. Therefore considerable research 
efforts have been undertaken to develop improved battery electrodes-cathodes and 
anodes.  
So far, the anode material used in LIB is graphite possessing a theoretical 
capacity of 372 mAh/g. After the impressive results reported on amorphous tin 
composite oxide (ATCO) [1] that showed a reversible capacity of 600 mAh/g, a large 
variety of tin-containing compounds have been studied as possible anode materials for 
LIB [2-15]. On the basis of in situ X-ray diffraction, SEM and TEM measurements, it 
has been established that the reversible alloy forming ability of Sn with Li (Li4.4Sn) is 
responsible for the electrochemical cycling. However, extensive volume changes that 
occur during the alloying-de-alloying process (~250%) cause mechanical instabilities 
in the electrode leading to rapid decay in capacity values after a few charge-discharge 
cycles [4]. In order to circumvent this problem and achieve reasonably high reversible 
capacity over large number of cycles, the chemistry of the electro-active host material 
and its morphology have to be specifically designed. The first approach reflects on the 
incorporation of the active material (Sn) in a suitable crystalline or amorphous matrix 
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containing ‘spectator’ atoms/ions that can ameliorate the volume changes taking place 
during electrochemical cycling while taking care of inter-particle electronic 
conductivity. The spectator atoms do not participate in the cycling process. A number 
of tin-oxide based composites and glasses [4-7,10-18] and crystalline compounds 
[3,8,9] have been reported to show improved cycling performance in comparison to 
crystalline binary tin oxides (SnO or SnO2). The importance of the spectator atom and 
crystal structure of the starting Sn-containing oxide has been clearly shown by 
Irvine’s group [2,8,9], eventhough the crystal structure is destroyed during the first-
discharge reaction with Li-metal with the subsequent formation of Sn-metal and 
Li4.4Sn alloy.  
The second approach is the manipulation of compound morphology. More 
specifically, nano-particles or nano structured, thin film Sn-based compounds have 
shown a good combination of rate capability, cycle life and capacity superior to that 
of electrodes composed of bigger particles (>5# size). The nano-particles seem to 
suffer minimal volume variations and keep a rather stable microstructure during 
electrochemical cycling. Furthermore, the surface area of the nano-particle electrode 
will be large, causing small diffusion lengths for Li ions thereby improving the rate 
capability [19-24].  
Apart from the structural and electrode design aspects, the electrochemical 
performance of Sn-oxides is sensitive towards the choice of the voltage range for 
cycling [16,17,20,24]. Courtney and Dahn [17] have shown that the optimum voltage 
range for SnO2 based electrodes is 0.0-0.8 V vs Li. Therefore, considering the 
aforementioned strategies, we have synthesized the compounds CaSnO3, SrSnO3 and 
BaSnO3 possessing the perovskite crystal structure and evaluated their 
electrochemical performance vs Li-metal for possible use in LIB. The effect of crystal 
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structure and spectator atom content has been illustrated by comparing the 
performance of Ca2SnO4 (Sr2PbO4-type structure) with CaSnO3.  
3.3 Experimental 
 
Powders of CaSnO3, SrSnO3 and BaSnO3 have been synthesized by high 
temperature solid state reaction [25] and sol-gel techniques [26]. Ca2SnO4 has been 
prepared by sol-gel process. For the solid-state reaction, stoichiometric amounts of 
high purity Ca(NO3)2.4H2O (BDH)/ SrCO3 (Merck)/BaCO3 (Fischer) and SnO2 
(Merck) were thoroughly mixed in an auto grinder and calcined in air at 800oC for 6 
h. After cooling to room temperature, the product was reground, pelletized and heated 
at 1150oC for 24 h in air and slowly cooled to room temperature. The pellets were 
ground to a fine powder. For the sol-gel method, 0.1 M of SnCl2 (Aldrich) was 
dissolved in 4 M of ethylene glycol (Merck) at 50oC under stirring followed by the 
addition of 1 M of citric acid (Fischer). The temperature was raised to 80oC and 0.1 M 
CaCO3 (Merck)/SrCO3/BaCO3 /0.2 M Ca(NO3)2.4H2O (BDH) was added and stirring 
was continued for 6 h to obtain a clear solution. The solution was then heated for 12 h 
at 135oC when it changed into a translucent gel. It was recovered and a heat treatment 
at 350oC in air for 6 h has led to the formation of black flakey material. This was 
ground to a fine powder and calcined in air at 800oC for CaSnO3, SrSnO3 and 
Ca2SnO4 and at 1200oC for BaSnO3 for 6 h, followed by cooling to room temperature. 
CaZrO3 was synthesized by the sol-gel method as described above for CaSnO3 except 
that instead of SnCl2, 0.1 M ZrO(NO3)2 (Alfa Aesar) was used.  
The crystal structure was identified by recording the X-ray diffraction (XRD) 
patterns with the Siemens D5005 unit equipped with CuK, radiation. X-ray 
photoelectron spectroscopy (XPS) of the compounds was done using VG Scientific 
ESCA MK II spectrometer with Mg-K, radiation. The high resolution spectra were 
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recorded with a constant pass energy mode (20 eV). Charge referencing was done 
against adventitious carbon, C 1s binding energy (BE) = 284.6 eV. The raw spectra 
were curve-fitted using XPS Peak fit software. Complex spectra were delineated by 
non-linear least square fitting with a Gauss-Lorentz (ratio 60:40) curve into multiple 
peaks and the BEs were evaluated. The BEs are accurate to + 0.1 eV. Surface 
morphology was looked into by SEM, JEOL JSM-6700F, Field Emission Electron 
Microscope.  
The electrode fabrication process involved the doctor blade technique with 
active material (CaSnO3/ SrSnO3/BaSnO3/Ca2SnO4; synthesized by sol-gel method), 
Super P carbon (MMM, Ensaco350) and binder (Kynar 2801) in weight ratios, 
65:20:15. For CaSnO3/ SrSnO3/BaSnO3 (synthesized by the solid-state reaction), the 
electrodes comprise the respective materials in the weight ratios, 80:10:10. These 
ratios were found to give optimal reproducible performance. A thick slurry was made 
using 1-methyl 2-pyrrolidone (NMP) as solvent for the binder and coated on to an 
etched copper foil by doctor-blade method. Thick film (20-30 #m) electrodes were 
dried at 80oC in an air oven, pressed between stainless steel twin rollers (to ensure 
good adherence of the material to the Cu-foil) and cut into circular discs (16 mm 
diameter) using a punch followed by drying in a vacuum oven at 70oC for 12 h. Coin 
cells (size, 2016: 20 mm dia;1.6 mm thick) were fabricated in the Ar-filled glove box, 
which maintains <1 ppm of H2O and O2 (MBraun, Germany) with Li-metal (Kyokuto 
metal Co., Japan) foil as the counter electrode, Celgard 2502 membrane as the 
separator and 1M LiPF6 in ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1 
by volume, Merck Selectipur LP40) as the electrolyte. The cells were aged for 24 h 
before testing. The cyclic voltammetry and galvanostatic charge-discharge cycling of 
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the cells were carried out at room temperature (RT) by computer controlled MacPile 
II (Biologic, France) and Bitrode multiple battery tester (model SCN, Bitrode, USA).     
3.4.    Results and Discussion 
 
3.4.1    Characterization by XRD, SEM and XPS 
 The compounds CaSnO3, SrSnO3 and Ca2SnO4 are white whereas BaSnO3 is 
light yellow colored powder. While CaSnO3 and SrSnO3 (sol-gel) could be prepared 
at 800oC, we found that single phase BaSnO3 forms only after heating at 1200oC. The 
XRD patterns of CaSnO3, SrSnO3 and BaSnO3 prepared by solid-state and sol-gel 
techniques were found to be identical. Fig. 3.1(a-d) shows the XRD powder patterns 
of all the synthesized compounds. It is known from the literature that CaSnO3 and 
SrSnO3 have orthorhombically-distorted perovskite structure [27] whereas BaSnO3 
adopts the cubic perovskite structure [28]. This is due to the difference in the 
tolerance factors, which is related to the ionic radii of the ions for the formation of the 
perovskite structure even though all the compounds possess SnO6 octahedra [29]*. 
The patterns were indexed and the lattice parameters were calculated by the least 
square fitting method. These are also given in Fig. 3.1. The a, b and c are in very good 
agreement with those reported for CaSnO3 (JCPDS card no. 03-0756), SrSnO3 ( [27] 
and the JCPDS card no. 77-1798) and the a value for BaSnO3 ( [28] and the JCPDS 
card no. 74-1300).  The XRD pattern of Ca2SnO4 is shown in Fig. 3.1(d) and the 
lattice parameters are in agreement with the JCPDS card no. 74-1493.  
__________________________________________ 
*The tolerance factor is given by, t= rA+ro/%2(rB+ro), where rA, rB and ro are the ionic 
radii of the ions A, B and O respectively in the compound with the formula ABO3 
[29]. If t=1, the structure will be cubic and for t<1 a distortion of the cubic structure to 
tetragonal or orthorhombic will occur. For BaSnO3, t=1.02 whereas for SrSnO3 and 
CaSnO3 t=0.90 and 0.86 respectively (ionic radii for Ba2+(XII), Ca2+ (VIII), 
Sr2+(VIII), Sn4+(VI) and O2-(VI) are 1.61, 1.12, 1.26, 0.69 and 1.40 Å respectively. 
The r values taken from R. D. Shannon, Acta Crystallogr. 32A(1976)751).         
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It has a crystal structure analogous to Sr2PbO4 [30,31], having an orthorhombic unit 
cell, comprising infinite chains of edge-shared SnO6 octahedra connected by a 
perpendicular network of CaO7 monocapped trigonal prisms, the Ca-ion being in 




















Fig. 3.1 Powder X-ray diffraction (XRD) patterns of CaSnO3, SrSnO3, BaSnO3, and    
             Ca2SnO4. CuK, radiation. Miller indices (hkl) and lattice parameters (a,b and      
             c) are shown.  
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1200 a= 5.76 (+0.01)  ;  b= 9.70 (+0.03)  ;
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 The SEM pictures of the compounds shown in Fig. 3.2 differ from each other 
revealing that the morphology is a function of the composition and the synthetic 
procedure. The SEM photographs of the powders of CaSnO3 (Figs.3.2 a and b) reveal 
the formation of nano-crystallites with average size 200-300 nm (sol-gel method) and 
bigger agglomerated particles (solid-state method). SrSnO3 (solid-state) (Fig. 3.2c) 
showed well-separated smooth particles with the average size, 0.5-1.0 #m. A 
considerable size reduction was achieved by the sol-gel synthesis of SrSnO3 (Fig. 
3.2d), yielding aggregates of nano-particles with size, 200-300 nm.  The morphology 
of BaSnO3 (solid-state) (Fig. 3.2e) shows agglomerates of submicron particles and 
this is due to the higher synthesis temperature (1200oC) needed for the compound 
formation. The Ca2SnO4 is comprised of oblong particles (1-5 #m) as shown in Fig. 





Fig.3.2 SEM photographs  of  the  powders  of : (a)  CaSnO3   (sol-gel),   (b)   CaSnO3             
             solid- state), (c) SrSnO3 (solid-state), (d) SrSnO3 (sol-gel) (e ) BaSnO3 (solid-   





It is well-known that X-ray photoelectron spectroscopy (XPS) is a powerful 
and non-destructive technique to ascertain the valence states of the metal ions in the 
simple and complex compounds [32]. The core level binding energies (BE) of the 
metal or non-metal ions are characteristic of the oxidation state and their coordination 
in the crystal lattice. Hence, XPS has been used extensively to characterize the LIB-
electrode materials [33, 34]. The XPS of only BaSnO3 has been reported in the 
literature [35]. Presently, we have studied the XPS of ASnO3, A= Ca, Sr and Ba, and 
Ca2SnO4. The BE of the various ions have been evaluated and are compared with 
those reported for BaSnO3, SnO2 and related perovskite compounds. Figs. 3.3-3.5 (a-
d) show the XPS core level spectra of the Sn 3d, O 1s, Ca 2p/ Sr 3d /Ba 3d regions for 
the compounds, ASnO3, A=Ca,Sr,Ba and Ca2SnO4 respectively. The binding energies 
(BEs) for all these and related compounds from the literature are listed in Table 3.1. 
The Sn 3d spectra of ASnO3 and Ca2SnO4 (Fig. 3.3a-d) show two peaks in the energy 
range, 485-495 eV corresponding to Sn 3d5/2 and 3d3/2. The peak separation, $= 3d5/2- 
3d3/2= 8.4 eV in all the cases indicating the correctness of the assignment. Manorama 
et. al. [35] have reported only the Sn 3d5/2 peak with BE of 486.9 eV in BaSnO3 
whereas Ayouchi et al. [36] reported BEs of 487.1 eV for 3d5/2  and 495.5 eV for 3d3/2 
for a film comprising both SnO and SnO2. The XPS spectra of the core levels in the 
Sn 3d region of SnO2 film deposited on SiO2/Si(100) given in ref. [37] showed the 
BEs : 486.8 and 495.2 eV for Sn 3d5/2 and Sn 3d3/2  respectively. It is clear from Fig. 
3.3 and Table 3.1 that tin is in 4+ valency in the compounds presently studied. Since 
BaSn4+O3 has cubic structure, it has perfect SnO6 octahedra and Ba2+ ions adopt a 12-
fold O-coordination. The compounds ASnO3 (A=Ca,Sr), Ca2SnO4 and SnO2 which 
have distorted SnO6 octahedra show higher BE values for both 3d5/2 and 3d3/2 as 
compared to BaSnO3. This is more evident in the case of Ca2SnO4 and SnO2.  
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 Fig.3.3 XPS spectra in the Sn-3d region of (a) CaSnO3, (b) SrSnO3, (c ) BaSnO3 and     
             (d) Ca2SnO4. Base line and curve fitting of the raw data are shown. The 3d5/2    
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Fig.3.4 XPS spectra in the O-1s region of (a) CaSnO3, (b) SrSnO3, (c ) BaSnO3, and      






































































Fig.3.5 XPS spectra in (a) Ca-2p region of CaSnO3, (b) Sr 3d region of SrSnO3, (c)  
             Ba 3d region of BaSnO3 and (d) Ca  2p  region  of  Ca2SnO4. Base line  and    
             curve fitting of the raw data are shown. 
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Table 3.1 XPS binding energies (BE, +0.1 eV) of Sn, O, Ca, Sr and Ba in the 
compounds, ASnO3 (A=Ca, Sr, Ba), Ca2SnO4, SnO, SnO2 and other compounds with 
perovskite structure. $ is the difference in BEs.   
 








Sn (3d5/2; 3d3/2) 485.7; 494.1 ($=8.4) 
485.9; 494.3 ($=8.4) 
485.4; 493.8 ($=8.4) 
486.3; 494.7 ($=8.4) 
486.9 
487.1;495.5 ($=8.4) 
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Manorama et al. [35] 
Jimenez et  al.[40] 
Barreca et al. [37] 
Yokoi et al. [38] 
 
Machkova et al. [39] 
CaSnO3 
Ca2SnO4 






Sr (3d5/2; 3d3/2) 132.7; 134.4 
132.8; 134.2 
This study 
 Machkova et al. [39] 
BaSnO3 
BaSnO3 
Ba (3d5/2; 3d3/2) 778.1, 779.8; 793.8  
781.5 
This study 




The O 1s spectra for ASnO3 (Fig. 3.4a-d) compounds show broad and 
asymmetric peaks and have been fitted to two overlapped peaks with BEs in the 529 
and 531eV region. The BEs are listed in Table 3.1. The overlapped peak is indicative 
of two different oxygen contributions. Similar such asymmetric peak in the O 1s 
region was observed in other perovskite oxide compounds [35,38,39]. These are 
generally ascribed to the lattice oxygen and adsorbed oxygen. Therefore, the peak at 
528.7 eV in BaSnO3 is attributed to the O2- contribution from the perovskite anionic 
network. The other peak, lower in intensity, occurring at a higher BE, 530.4 eV, is 
ascribed to OH- and/or surface adsorbed oxygen. As expected, the O1s BEs including 
that due to the adsorbed oxygen of ASnO3, A=Ca,Sr and other perovskite oxides with 
A=La [38] (Table 3.1), which have distorted SnO6 oxygen octahedra and 9- or 8-fold 
O-coordination for the A-ions, show higher values than that of  BaSnO3. The O 1s 
spectrum for Ca2SnO4 (Fig. 3.4d) comprises only one peak at 531.2 eV attributable to 
the lattice oxygen. It does not show any contribution from the adsorbed oxygen. We 
note that the ASnO3 compounds with the perovskite structures have been found to be 
conducive for the adsorption of gases and OH- species [35]. The O 1s peak for bulk 
SnO2 and SnO occurs at 530.4 eV and 530.5 eV respectively [37,40] (Table 3.1).  
The best fit of XPS spectra of Ca 2p in CaSnO3 and Ca2SnO4 show that the 
resultant curve is a mixture of two overlapping peaks (Fig. 3.5a and d). These are 
attributed to Ca 2p3/2 and 2p1/2 with a BE separation of 3.5 eV. This result is in good 
agreement with the BE values in literature [32] with Ca 2p3/2 at 346.6 eV and a 2p3/2 
and 2p1/2 peak separation of 3.55 eV for CaS, CaCl2, CaO, CaCO3 and Ca(NO3)2. The 
spectrum of Sr 3d in SrSnO3 (Fig. 3.5b) also comprises two peaks at 132.7 and 134.4 
eV with a peak separation of 1.7 eV between the 3d5/2 and 3d3/2. This assignment is in 
agreement with the reported Sr 3d BE values, 132.8 and 134.2 eV in the oxide with 
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the perovskite structure, (La0.4Sr0.6)(Co0.8Fe0.2)O3-) [39] (Table 3.1). The XPS of Ba 
3d in BaSnO3 (Fig. 3.5c) shows an asymmetric peak, that can be fitted into two peaks 
with BEs, 778.1 (main) and 779.8 (small intensity) eV. The second peak is symmetric 
with BE of 793.8 eV. The peaks at 778.1 and 793.8 eV are attributed to the Ba 3d5/2 
and 3d3/2 in BaSnO3 with a peak separation of 15.7 eV.  This is different from the 
result of Manorama et al. [35], who reported only one peak in BaSnO3 with a BE of 
781.5 eV. According to literature [32], the Ba 3d5/2 peak in Ba-compounds (BaS, 
BaSO4, BaCO3, Ba(NO3)2 etc.) occurs at BE of 780.6 eV with 3d5/2- 3d3/2= 15.33 eV. 
The latter value is comparable to that observed by us in BaSnO3. The minor peak at 
779.8 eV may be due to the Ba 3d in BaO present as an impurity in BaSnO3.  
In summary, the XPS data clearly show that Sn4+ is present in ASnO3, in an 
octahedral oxygen coordination (A=Ca,Sr,Ba) and Ca2SnO4. The A ions are bivalent. 
The ASnO3 has adsorbed oxygen on the surface of the particles. 
3.4.2 Galvanostatic Cycling 
Figs. 3.6-3.9 show the voltage profiles and the capacity vs cycle number plots 
for ASnO3 (A=Ca, Sr, Ba) and Ca2SnO4 at the constant current of 10 mA/g for first 
two cycles and 30 and/or 60 mA/g during the rest of cycles in the voltage range, 
0.005-1.0/2.0 V. The first-discharge profile for all the compounds differs from the rest 
of the charge and discharge profiles. It comprise a shoulder around 0.8-0.95 V, 
followed by a broad and relatively flat region in the voltage range, 0.7-0.1 V (vs Li) 
for ASnO3 and Ca2SnO4. 
The reaction mechanism for the initial discharge process can be assumed to be 
similar to that observed in other Sn-metal oxides [2-4,6-9,11,12,15-17], it being the 
crystal-structure  destruction   process  leading  to  the  formation  of  active  Sn-metal 
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 Fig.3.6 The voltage vs capacity profiles in the voltage window, 0.005-1.0 V vs Li for    
             (a)  SrSnO3   (solid-state),  (b)  SrSnO3   (sol-gel). Only   select   cycles  are       
              shown. The numbers represent cycle numbers. (c) Capacity vs cycle number   
             plots  for  SrSnO3 (solid state and sol-gel). The  first  two  cycles at  a current    
             density of  10 mA/g,  3-22  cycles  at  30 mA/g and  23-42 cycles at 60 mA/g.   
             First-discharge  commences from open circuit voltage (OCV). Open symbols:   
             charge; filled symbols: discharge capacity. 
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 Fig.3.7 The voltage vs capacity profiles in the voltage window, 0.005-1.0 V for (a)      
             BaSnO3 (solid-state), (b) BaSnO3 (sol-gel). Only select cycles are shown. The  
             numbers represent cycle numbers. (c) Capacity vs cycle number plots for   
             BaSnO3 (solid state and sol-gel). The first two cycles were done at a current    
             density of 10 mA/g, 3-22 cycles at 30 mA/g and 23-42 cycles at 60 mA/g.    
             First discharge commences from OCV. Open symbols: charge; filled    
             symbols: discharge capacity.   
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Fig.3.8 The  voltage vs capacity  profiles  of (a) CaSnO3  (sol-gel)  (first-cycle) in the   
            voltage  window 0.005- 1.0/2.0 V. (b)  4-50 cycles  in the voltage range 0.005-  
            1.0  V;  select  cycles  are  shown. The numbers  represent  cycle  numbers. (c)   
            Capacity vs cycle number plots for CaSnO3 (sol-gel and solid-state); 0.005-1.0   
            V   and  CaSnO3  (sol-gel);  0.005-2.0  V. For  CaSnO3  (sol-gel),  the first  two   
            cycles were done at a current density of 10 mA/g, 3-50/100 cycles at 60 mA/g.   
           The first two cycles for CaSnO3 (solid-state) were done at a current  density  of   
           10 mA/g, 3-22 cycles at 30 mA/g and 23-42 cycles at  60 mA/g. First discharge   
           commences  from  OCV. Open   symbols:  charge; filled  symbols :  discharge    
           capacity. 
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(a) Ca2SnO4; 0.005-1.0 V 


















 Fig.3.9 The voltage vs capacity profiles in the voltage window, 0.005-1.0 V for (a)       
             Ca2SnO4 (1-42 cycles). Only select cycles are shown. The numbers represent   
             cycle numbers. (b) Capacity vs cycle number plots for Ca2SnO4. The first two  
             cycles were done at a current density of 10 mA/g, 3-22 cycles at 30 mA/g and    
             23-42 cycles at 60 mA/g. First discharge commences from OCV. Open  
             symbols: charge; filled symbols: discharge capacity. 
 
particles embedded in a AO (A= Ca,Sr, Ba) and lithia (Li2O) matrix (eqns. 3.1 a and 
b). The pristine nano-particles of Sn thus formed, undergo alloy formation with Li 
(eqn. 3.2): 
ASnO3 + 4Li+ + 4e- ( AO + 2Li2O + Sn   (A= Ca,Sr,Ba)                                    (3.1a) 
Ca2SnO4 + 4Li+ + 4e- ( 2(CaO + Li2O) + Sn                                                        (3.1b) 
Sn + xLi+ + x e- ! LixSn      (0<x<4.4)                                                                   (3.2) 
The AO compounds thus formed cannot be reduced to the A-metal state due to 
the high A-O bond strength [41-43] and these are electrochemically inactive with Li. 
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We verified this experimentally by recording the galvanostatic response of Super P 
carbon (C) and CaZrO3 separately as cathodes vs Li. The electrode composition for 
the former is C:binder = 1:2 wt% and that for the latter is CaZrO3:C:binder= 65:20:15 
wt %. The voltage profile for Super P carbon showed a plateau around ~0.9 V during 
first-discharge reaction, with a discharge capacity of 457 mAh/g. The reversible 
charge-discharge capacity stabilized to 180 mAh/g at a current rate of 30 mA/g after a 
few cycles. The nature of the voltage profiles for CaZrO3 was found to be exactly the 
same as those of Super P carbon. From the electrode composition, an estimate of the 
capacity contribution from CaZrO3 has been made after subtracting the value due to 
carbon. Negligible contribution (< 10-20 mAh/g) was found for CaZrO3, thus 
reinforcing the electrochemically-inert nature of CaZrO3 with respect to Li-metal.  
Although the electrochemically-active component (Sn) is same in all the 
compounds under investigation, there are significant variations in the over all number 
of moles of Li ions reacted during the first-discharge cycle and the plateau voltage 
corresponding to the reduction of the oxide. Moreover, these plateau potentials are 
different from that of pure SnO2 (~0.9 V), ATCO (1.2-1.7 V) and other Sn-oxides 
[1,2,6-8,12,15-17,19-20, 44,45]. This may be attributed to the effect of the crystal 
structure of the starting oxide, oxygen co-ordination, the counter (spectator) ion and 
the compound morphology. Irvine and co-workers [2,8] have made similar 
observations in their studies on A2SnO4 (A= Mn, Co, Mg) with the inverse spinel 
structure and proposed that the variations in the plateau potential are the consequence 
of the differences in the matrix ion A. A plateau potential as low as 0.15 vs. Li that 
almost merges with the alloy-formation (Li4.4Sn) potential was reported for Mg2SnO4. 
MgO was not reduced to Mg metal due to large Mg-O bond strength. The sensitivity 
of the first-discharge profile towards the compound morphology is evident from the 
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slight difference in the voltage profiles and significant difference in the overall 
discharge-capacity observed for CaSnO3, SrSnO3 and BaSnO3 synthesized by solid-
state and sol-gel techniques (Figs. 3.6a, b, 3.7a, b and 3.8 c). Also, Ca2SnO4 shows the 
plateau-potential at ~0.15 V unlike CaSnO3 which shows at ~0.25 V (Figs. 3.8a and 
3.9a). This can be attributed to the difference in the crystal structures of CaSnO3 and 
Ca2SnO4 and the ratio of active host to inactive matrix element (Ca) content.  As 
already mentioned, both compounds possess SnO6 octahedra, but the Ca-ions are in 
nine-fold oxygen coordination in CaSnO3 whereas in Ca2SnO4, they are in seven-fold 
coordination.  
The first-charge sweep is the de-alloying process (reverse of eqn. 3.2) and 
subsequent discharge-charge cycling takes place via the reversible eqn. 3.2 in the 
voltage range, 0.005-1.0 V. These results are in agreement with those for the alloy 
formation reaction in other Sn-based compounds [2-4,6-8,15-17,44]. However, 
electrode polarization effects have been observed for SrSnO3 (solid-state) and BaSnO3 
(sol-gel and solid-state). The closely spaced charge-discharge profiles observed for 
CaSnO3 (solid state; not shown), CaSnO3 (sol-gel), SrSnO3 (sol-gel) and Ca2SnO4 
(Figs. 3.6b, 3.8b and 3.9a) show only small polarization and better cycling 
performance. Thus, the broad inferences drawn from the voltage profiles are: Cycling 
the cells with different electrode compositions and morphologies resulting in varying 
performances reveals that the reversible capacity is a function of the electrode 
composition, crystal structure and its morphology.  
The electrochemical studies done on Super-P carbon, giving finite first- 
discharge and reversible discharge-charge capacity showed that the galvanostatic 
cycling results for the compounds under investigation are a summation of the capacity 
values from the compound and carbon (electronically conducting additive with 10/20 
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wt. % of the compound weight). The carbon (C ) participation is further supported by 
the occurrence of shoulder around 0.9 V in the first discharge profiles for the ASnO3 
and Ca2SnO4 compounds, i.e., at the same position as is observed in the voltage 
profile of Super-P carbon alone. Therefore, C-contribution has been subtracted from 
the observed total capacities for all the cycles shown in Figs. 3.6a,b, 3.7a,b, 3.8a,b and 
3.9a. These corrected values are shown as the capacity vs cycle number plots of Figs. 
3.6c, 3.7c, 3.8c and 3.9b and select data are listed in Table 3.2. The corresponding 
moles of Li during the 1st, 20th and 40th cycles along with the theoretically expected 
values (from eqns. 3.1 and 3.2) are also given in Table 3.2. The observed capacities 
corresponding to the first-discharge reaction (eqn. 3.1) given in Table 3.2 are lower 
than the theoretically expected ones for CaSnO3 (solid-state and sol-gel), SrSnO3 
(solid-state) and Ca2SnO4, possibly indicating incomplete reaction. The SrSnO3 (sol-
gel) and BaSnO3 compounds show values close to the expected ones. The subsequent 
first-charge capacities (reverse of eqn. 3.2) in terms of moles of Li are small: 2.9 Li 
for CaSnO3 (sol-gel), 2.4 (solid-state), 2.7 Li for SrSnO3 (sol-gel), 2.4 (solid-state), 
2.9 for BaSnO3 (solid-state), 2.8 (sol-gel) and only 2.1 for Ca2SnO4 in comparison to 
the expected theoretical value of 4.4. Thus, there is large irreversible capacity loss 
(ICL) in all these Sn-based compounds. It may be mentioned here that similar low 
value of first-charge capacities have also been reported in other Sn-compounds in the 
literature: Mg2SnO4: 2 moles of Li; Co2SnO4 [8] and LiSn2P3O12: 3 moles of Li [2].  
As can be expected, increasing the current density from 10 mA/g to 30 and/or 
60 mA/g after 2nd and 22nd cycle respectively, decreases the reversible capacity of all 
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almost same  indicating   that   the   coulombic efficiency is  > 98% (Figs.  3.6c,  3.7c,  
3.8c, 3.9b and Table 3.2). CaSnO3 and SrSnO3 (sol-gel) perform better than the 
corresponding solid-state synthesized compounds in terms of capacity values, rate 
capability and capacity degradation on cycling.  
For SrSnO3 (sol-gel) a 5th cycle capacity of 246 mAh/g degrades to 222 
mAh/g at the end of 20 cycles at 30 mA/g rate whereas in the range 23-40 cycles, the 
capacity of 190 mAh/g degrades only to 183 mAh/g at 60 mA/g rate. The latter value 
corresponds to 1.8 Li moles per mole of Sn which are recyclable (Fig. 3.6c and Table 
3.2). On the other hand, for SrSnO3 (solid-state) the capacity values at the end of 40 
cycles correspond to recyclable Li of only 0.8 moles. The sol-gel synthesis yielding 
nano-particle morphology has caused higher surface area (more reactive Sn-sites) and 
smaller diffusion lengths, leading to high capacities.  
In the case of BaSnO3, the data (Table 3.2) show that solid-state synthesis 
gives slightly higher capacities than that of sol-gel method at all current densities up 
to 42 cycles. This could be due to the high synthesis temperature (1200oC) needed to 
obtain single phase material by both the methods which causes agglomeration of 
particles and sintering effect. We also note that due to high molecular weight of the 
matrix (BaO), the theoretical recyclable-capacity of BaSnO3 is only 388 mAh/g. The 
measured capacities are only in the range, 120-140 mAh/g at 60 mA/g but these are 
stable in the range, 22-42 cycles and correspond to the recyclable Li (moles)= 1.5 (+ 
0.1) (Table 3.2 and Fig. 3.7c). 
The capacity vs. cycle number plot of CaSnO3 (sol-gel), up to 100 cycles and 
CaSnO3 (solid-state) up to 42 cycles are shown in Fig. 3.8c in the voltage range, 
0.005-1.0 V. CaSnO3 (sol-gel) was also cycled in the voltage range, 0.005-2.0V and 
results are shown in Fig. 3.8c. As can be seen, the CaSnO3 (sol-gel) performed better 
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than CaSnO3 (solid-state) in the voltage range 0.005-1.0V for the same obvious 
reasons as discussed for SrSnO3. CaSnO3 (sol-gel) gave a 20th cycle discharge 
capacity of 379 mAh/g (2.9 moles of Li) remaining almost stable up to 100 cycles 
(372 mAh/g at 100th cycle). The CaSnO3(solid-state) gave lower but stable capacitiy 
of 310 mAh/g (2.4 moles of Li) in the range 3-20 cycles at 30 mA/g (Table 3.2). 
Cycling of CaSnO3 (sol-gel) up to a higher cut-off voltage limit (2.0 V) gave an initial 
high capacity of 694 (2nd discharge), fading drastically with cycle number and a 
capacity of 568 mAh/g at the 20th cycle and 370 mAh/g after 50 cycles (Fig. 3.8 c). 
Therefore, we conclude that a good operating voltage range for stable cycling 
performance of CaSnO3 is 0.005-1.0 V vs. Li.  
The capacity vs cycle number plot for Ca2SnO4 is shown in Fig. 3.9b. 
Qualitatively, the cycling behaviour is same as that of CaSnO3 (sol-gel) except that 
the capacity values are lower, 247 mAh/g at the end of 20 cycles at 30 mA/g 
corresponding to 2.4 Li moles. Analogous to CaSnO3, Ca2SnO4 shows good rate 
capability, i.e., up on doubling the discharge/charge current rate, the capacity 
decreases only by 17 mAh/g (~7.0 %). The higher Ca content in Ca2SnO4 as 
compared to CaSnO3 has not shown any additional benefit, and on the contrary has 
resulted in lower capacity values due to the larger inactive matrix content (CaO) per 
mole of the compound. One distinct feature observed in the cycling performance of 
Ca-Sn-compounds when compared with those of Ba and Sr, is that the reversible 
capacity increases up to a few initial cycles and after that almost stable response is 
observed. This is due to the electrochemically insulating nature of the compound that 
is preventing the completion of the structure destruction process taking place during 
the first-discharge reaction with Li and is spreading up to a few initial cycles (10-15 
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cycles in case of CaSnO3 and CaSnO4). In the case of SrSnO3 and BaSnO3, the 
capacity-fading has started as early as 3rd cycle and thus this feature was not apparent.   
A comparison of the electrochemical performance of CaSnO3, SrSnO3 and 
BaSnO3 shows that the achievable capacity, the number of recyclable moles of Li per 
Sn, the rate capability and cycling stability decreases from Ca " Ba. This is possibly 
due to the increase in the atomic weight and ionic size in that order, thereby 
enhancing the inactive matrix metal content per mole of the composite electrode and 
poorer interparticle electronic conductivities hindering the electron transfer. Further, 
better results obtained with CaSnO3 and Ca2SnO4 in comparison to SrSnO3 and 
BaSnO3  as regards to highest achievable capacities, over all number of cyclable Li-
atoms, low current-rate dependence and good cyclability reveals that ‘Ca’ is a 
superior matrix element than Sr or Ba. The coulombic efficiency for all the 
compounds up to 40 cycles is >98%. We have shown the superior matrix behaviour of 
CaO in our studies on CaFe2O4 and its solid solution with Sn [41], Ca2Fe2O5 and 
Ca2Co2O5 [42] and CaMoO4 [43].  
3.4.3     Cyclic Voltammetry 
 Cyclic voltammetry is commonly used as complementary technique to 
establish the reversibility of electrode materials vs Li [2,22,33,34,44,45]. The CV 
curves for the compounds CaSnO3 (sol-gel), SrSnO3 (sol-gel), BaSnO3 (solid-state) 
and Ca2SnO4 in the voltage window, 0.005-2.0 V up to 15 cycles at a scan rate of 
0.058 mV/sec were recorded starting from cathodic scan (reduction of Sn4+ and alloy 
formation) and presented in Fig. 3.10a and 3.11. The cyclic voltammograms (CV) of 
CaSnO3 was also done from 1-35 cycles in the voltage range, 0.005-1.0 V and the 
plots are shown from 5-35 cycles in Fig. 3.10b. Li metal acts as the counter and 
reference electrode. Select cycles are shown for clarity. In CaSnO3 (Fig. 3.10a), the 
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first discharge sweep shows small peaks around 1.30 V and 0.68 V and a sharp 
increase in A$QA (=current % time, mA.h) value below 0.30 V forming a long tail 























Fig.3.10 Cyclic voltammograms  of CaSnO3 (sol-gel) (a)  1-15  cycles  in  the  voltage  
              range 0.005-2.0 V (b) 5-35 cycles in the voltage range 0.005-1.0 V vs Li at  a   
              scan   rate  of  0.058  mV/sec. Only  select  cycles  are  shown. The  numbers   
              represent cycle  numbers.  
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  Fig.3.11 Cyclic voltammograms (1-15 cycles) of (a) SrSnO3 (sol-gel),  (b)  BaSnO3   
              (solid-state) and (c) Ca2SnO4 vs Li at a scan rate of 0.058 mV/sec and in the  
              voltage window, 0.005-2.0 V. Only select cycles  are  shown. The  numbers    
              represent cycle numbers.  
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The first anodic sweep shows two peaks at 0.65-0.7 and 1.2-1.3 V respectively. The 
subsequent cycles are qualitatively similar to the first discharge-charge cycle except 
that the minor peak at 1.30 V observed during first cathodic scan disappeared and the 
other peaks grow in intensity. The fifth cathodic sweep shows an indication of peak 
around 0.17 V, which grows in intensity in the subsequent cycles whereas the other   
redox peaks are seen to be saturated by the 5th cycle. During 5-15 cycles, the cathodic 
and anodic peak intensities are seen to get reduced (Fig. 3.10a). The cathodic and 
anodic peak pairs appearing in the low voltage region (<0.7 V) correspond to the Li 
alloying and de-alloying reactions with Sn. The appearance of peaks in the higher 
voltage region (>0.60 V) has been noted by Mohamedi et. al.[24] in amorphous tin 
oxide films and  attributed to the reversible decomposition of Li2O matrix and 
formation of tin oxide upon cycling. A similar argument may also be valid for the 
present system.  
 These CV profiles are different from that observed for binary Sn-oxides and 
ATCOs [2,24] in the sense that there is no intense and irreversible peak around 0.9 V 
(or 1.2-1.7 V) in the first cathodic scan corresponding to the irreversible reduction of 
the oxide-lattice to form metallic tin. The possible reason could be the effect of the 
crystal lattice and the counter ion Ca in CaSnO3, as discussed earlier. The absence of 
well defined peaks for the initial cycles may be due to the formation of nano-particles 
of tin in the poorly conducting (electronic) and highly amorphous matrix. With 
cycling, the tin regions can grow into bigger but still are nano-grains [16] and show 
clear peaks corresponding to alloying/de-alloying reactions (reaction(3.2)). Thus, the 
peak intensity rises up to 5th cycle after which it starts diminishing. The reason for the 
latter behaviour on cycling to 2.0 V, is due to the reversible formation and 
decomposition of Li2O matrix [2,16,17,24]. This helps in the formation of large size 
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tin grains, which become responsible for the severe volume changes and associated 
cracking and crumbling of the electrodes leading to capacity-fading. Thus, cycling to 
upper cut-off voltage of 2.0 V leads to capacity fading, as is clear from the 
galvanostatic cycling data (Fig.3.8c). The importance of the selection of the upper cut 
off voltage on cycling stability of the CaSnO3 electrode is evident from the CV 
profiles recorded on the cell between 0.005-1.0 V shown in Fig. 3.10b, which show 
very stable performance after the 5th cycle. Well-defined cathodic peak at 0.18 V is 
followed by the anodic peak at 0.55 V corresponding to alloying de-alloying reaction 
(reaction (3.2)) in a single-phase process. 
The CV of SrSnO3 for all the cycles are qualitatively similar except for the 
intensity variations and slight shift in the peak positions (Fig. 3.11a). In SrSnO3, a 
small cathodic peak is observed at ~0.05 V, probably corresponding to the potential 
for the Li-Sn alloy formation during the first-discharge. This is followed by an 
increase in 3$QB values up to the lower cut off voltage. The following charge reaction 
(anodic) comprises a peak at ~0.55 V, showing the de-alloying reaction occurring at 
this voltage and corresponds well with the plateau in Fig. 3.6a (reverse of eqn. 3.2). 
The loop areas under the discharge and charge curves increases up to fifth cycle. This 
shows incomplete crystal structure destruction process that is continuing up to 5 
cycles. Thereafter, the decrease in the peak intensities signifies capacity-fading, when 
cycled up to 2.0 V. However, no distinct features are observed in the anodic CV 
profiles of SrSnO3 showing the lithia destruction up to 2.0 V (Fig. 3.11a) whereas we 
clearly observed a peak at ~1.35 V due to the latter in CaSnO3 (Fig. 3.10a). 
The CV of BaSnO3 (Fig. 3.11b) resemble those of SrSnO3 except that the 
irreversible structure destruction process (first-discharge) continues up to the lower 
cut-off voltage. Cathodic and anodic peaks occurring at 0.1 and 0.55 V vs Li 
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respectively characterize the alloying/de-alloying reactions in the subsequent cycles. 
The anodic loop area is enhanced in the sweeps up to fifth cycle and diminished 
thereafter indicating capacity-fading when cycled to 2.0 V. The anodic peak at 0.55 V 
matches well with the plateau region in the voltage profile shown in Fig. 3.7b.  
The CV behavior of Ca2SnO4 (Fig. 3.11c) during the first few cycles is similar 
to ASnO3, A=Ca,Sr,Ba in that no clear peaks are observed and the overall intensity is 
distributed over the entire loop. However, the first-discharge curve does show a peak 
at ~0.7 V corresponding to the small voltage plateau in the galvanostatic discharge 
curve (Fig. 3.9a). The anodic peak at ~0.55 V develops clearly during the 5-10 cycles 
which corresponds to the plateau voltage in Fig. 3.9a. We also see broad cathodic and 
anodic peaks centered at ~0.65 V and 1.25 V respectively. This indicates the 
involvement of Li2O and Sn to form SnO/SnO2 which is detrimental to the 
performance when cycled to 2.0 V. Hence, the charge-discharge cycling should be 
restricted to the voltage window, 0.005-1.0 V for ASnO3 and Ca2SnO4 to obtain stable 
and reversible capacities with good coulombic efficiency.  
3. 5  Conclusions  
Exploratory studies have been carried out on the compounds, ASnO3, A= Ca, 
Sr, Ba with the perovskite structure and Ca2SnO4 with the Sr2PbO4-type structure to 
find out their suitability as anodes for LIB. The compounds were synthesized by solid 
state and/or sol-gel methods, characterized by XRD, XPS, SEM and their 
electrochemical behaviour was studied by galvanostatic cycling and cyclic 
voltammetry as cathodes vs Li. CaSnO3 and SrSnO3 (sol-gel) show a nano-particle 
morphology as against the agglomerates or µm-size particles obtained by the solid-
state method. The electrochemical cycling takes place via the reversible Li-Sn 
alloying-dealloying reaction in the voltage range, 0.005-1.0 V. The discharge 
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capacities (mAh/g) (moles of Li/Sn) at the 20th cycle at a current rate of 30 mA/g in 
the range 0.005-1.0 V are: CaSnO3 (solid-state) (310(2.4)), CaSnO3 (sol-gel) ( 
379(2.9)), SrSnO3 (solid-state) (144 (1.4)), SrSnO3 (sol-gel) (222 (2.1)), BaSnO3 
(solid-state) (190(2.2)), BaSnO3 (sol-gel) (156(1.8)) and Ca2SnO4 (247(2.4)). The 
coulombic efficiencies are >98% in all cases. These reversible capacities are only 
slightly lower when the current rate is increased to 60 mA/g and remain fairly stable 
in the range, 20-42 cycles, except for SrSnO3 (solid-state) which shows small 
degradation. This proves good rate-capability of the compounds. The performance of 
CaSnO3 and SrSnO3 (sol- gel) are better than that of corresponding solid-state 
synthesized compounds indicating the importance of nano-particle morphology. The 
performance of SrSnO3 and BaSnO3 are inferior in comparison to CaSnO3 which 
shows a high capacity of 379 mAh/g up to 100 discharge-charge cycles without 
fading. This finding shows that Ca is a better 'spectator' ion in the perovskite matrix. 
Although Ca2SnO4 performs better than SrSnO3 and BaSnO3 in giving 2.3 moles of 
recyclable Li (at 60 mA/g; 40th cycle), it is inferior to CaSnO3 (2.9 moles of 
recyclable Li), thereby indicating that increasing the Ca:Sn atom ratio to 2:1 does not 
give advantage and perovskite structure is preferable to that of Sr2PbO4 -type. CV 
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Chapter 4 




         Tin oxides, K2(M,Sn)8O16 (M=Li, Mg, Fe or Mn) possessing the hollandite 
crystal structure have been synthesized and characterized by a variety of techniques 
and their electrochemical behaviour was studied. The compounds K2(Li2/3Sn22/3)O16 
(K-Li), K2(Mn2Sn6)O16 (K-Mn) and K2(Fe2Sn6)O16 (K-Fe) are new phases. Rietveld 
refinement of the powder X-ray diffraction data showed that these Sn-hollandites 
exhibit a simple tetragonal structure. X-ray photoelectron spectroscopy on (K-Li) and 
(K-Mg) confirm formal valencies of the ions in the compounds. Galvanostatic cycling 
vs Li metal in the voltage range, 0.005-1.0 V at the current density of 60 mA/g 
showed the first cycle charge capacities of 602, 505, 481 and 418 (+ 3) mAh/g for (K-
Li), (K-Mg), (K-Fe) and (K-Mn) respectively.  These values correspond to 3.7- 3.0 
moles of recyclable Li per mole of Sn. At the end of 50 cycles, (K-Li) and (K-Fe) 
performed better and retained 78 and 83% of the initial capacity. The (K-Li) also 
showed good rate capability. The coulombic efficiency was >98% between 10-50 
cycles in all cases except (K-Mn) with the average charge and discharge voltages of 
0.4-0.5 V and 0.25-0.3 V respectively. Cyclic voltammograms complement the 
galvanostatic results. Impedance spectral data on the (K-Li) vs Li at different voltages 
during the 1st and 15th discharge-charge cycle have been analysed and interpreted. 
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4. 2   Introduction 
Binary and ternary oxides of tin (Sn) in glassy, amorphous and crystalline 
form have been extensively studied as alternate materials to the commercially 
employed graphite as anodes for lithium ion batteries (LIB) [1-4]. The reversible 
capacity in them arises as a result of de-alloying/alloying reaction of Li4.4Sn at 
voltages 0.3-0.5 V vs Li. This reaction, however, causes volume variations and thus 
mechanical stresses in the electrode leading to capacity-fading. This issue has been 
addressed during the last 8 years through various strategies and the key factors 
influencing the attainable capacity and its stability to long term cycling have been 
enumerated: the nature and amount of counter (matrix) atoms/ions which are 
electrochemically-inactive, the starting crystal structure and oxygen coordination of 
tin in the compound, particle size and morphology and the operating voltage range vs 
Li. Some examples pertaining to these findings are: the Sn-oxides in glassy matrix 
(Sn2BPO6, Sn2P2O7, SnMn0.5PO4, SnBxPyOz, Sn2B2O5) [5-12] and in crystalline form 
(SnO, CoSnO3, Sn2O3(OH)2, SnP2O7, M2SnO4 (M=Mn, Mg, Co), CaSnO3, Ca2SnO4 
and NaFeSnO4) [13-23]. 
  Investigations on M2SnO4 [17,18] having SnO4-tetrahedra with the inverse-
spinel structure and M counter-cation as the matrix showed that the first-discharge 
plateau occurs at 0.15 and 0.7 V vs Li for M=Mg and Mn respectively in comparison 
to 0.9 V plateau of the SnO2. Further, the first-cycle reversible capacity was smaller 
than that of SnO2 which has SnO6 octahedra and tetragonal rutile structure. It was 
inferred that apart from the main electrochemically-active Sn-ion, the discharge 
characteristics and reversible capacities are a function of the counter ion as well. Our 
studies on the tin-compounds ASnO3, A=Ca, Sr, Ba with the perovskite structure 
[Chapter 3, 19-22], Ca2SnO4 (Sr2PbO4 structure) [22] and NaFeSnO4 (CaFe2O4 –
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related structure) [23] revealed that Na, Ca and Fe are the beneficial matrix elements 
which help in the suppression of capacity-fading. Further, compounds with the 
perovskite structure, especially CaSnO3 consisting of corner-linked SnO6 -octahedra 
perform much better than those with other structures in giving high and stable 
capacities. Studies by Behm and Irvine [16] on SnP2O7 possessing two different 
crystal structures clearly indicated that the cubic phase with the isolated SnO6 -
octahedra (and corner-linked to the PO4 -tetrahedra) showed high reversible capacity 
and 96% capacity-retention after 50 cycles, whereas SnP2O7 with the layered structure 
which may not contain such isolated SnO6 species, showed a low initial capacity and 
only 53% capacity-retention after 50 cycles. Thus, the starting crystal structure of the 
Sn-compound and SnOy coordination polyhedra play a very important role in 
determining the cycling performance.  
Our studies from Chapter 3 revealed that the perovskite or other network 
structures containing only corner-linked or isolated SnO6 –octahedra appear to be the 
‘favourable’ structures. This may seem surprising at first sight, since the crystal 
structure of the compound gets destroyed during the first-discharge reaction with Li. 
However, it should still strongly influence the local structure of the resulting non-
crystalline or nano-crystalline lithiated material, which also contains the matrix 
metal/ion and affect the electrochemistry of Li- de-insertion/ insertion. As pointed out 
by Behm and Irvine [16] and Connor and Irvine [17], there is a need for continued 
search for the optimum crystal structure, matrix element and its composition, to 
realize the best performance. 
Tin oxides containing SnO6 octahedra are encountered in compounds with the 
hollandite structure, Ax(M,Sn)8O16, where A is a large-size cation like Ba or K, x '2. 
The M is a counter cation with a valency of 2+ or 3+ and provides the charge balance 
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for the compound [24-30]. The hollandites Ba(M3+2Sn4+6)O16, M = Ga, In, Cr [25,26], 
K2(Ga2Sn6)O16 [27], and recently, K2(Mg2+Sn7)O16 [28] have been prepared and 
studied for possible use as catalysts and gas sensors. The hollandites crystallize with a 
tetragonal symmetry, but depending on the A- and (M, Sn)-ions, monoclinic distortion 
is also observed [24-28]. The structure consists of double chains of edge-shared 
(M,Sn)O6 octahedra that are connected at their corners to form a frame work of 1D-
channels with the 8-fold O-coordination (Fig. 4.1). These so-called 2%2 octahedra-
channels are occupied by the A-cations, represented by filled circles in Fig. 4.1. The 
versatile nature of the structure allows Sn4+ ion to be replaced by other cations like Ti, 
V, Cr, Mn, Mo or Ru, and the M ion can also be Li+ [24-26,29,30].  
  
 
Fig. 4.1 Structure of  hollandite tin oxide, K2(M,Sn)8O16 projected along the c axis 
showing the double chains of edge-shared (M,Sn)O6 octahedra that are connected at 
their corners to form a frame work of 1D-channels (2x2 octahedra) with the 8-fold O-
coordination. Filled circles represent the K cations occupying the channels. The unit 
cell is represented by lines.  
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It would be interesting to investigate tin oxides with edge and corner shared 
SnO6 octahedra as anodes for LIB. Therefore, we have synthesized and characterized 
the phases K2(Li2/3Sn22/3)O16, K2(MgSn7)O16 and K2(M3+2Sn4+6)O16, M = Mn and Fe. 
These compounds were studied for their electrochemical behavior towards Li-metal 
and to find out their applicability as anodes for LIB.  
4.3 Experimental  
 
The compound, K2(MgSn7)O16 was synthesized by conventional solid-state 
method reported by Uheda et al [28]. The stoichiometric mixture of K2CO3 (BDH), 
Mg(NO3)2.6H2O (Merck) and  SnO2 (Merck) to give ~10 g of the product, was finely 
ground in an auto grinder and the powder was pressed into a pellet. It was then 
subjected to a series of heat treatments in air for 5 h each in a box furnace (Carbolite, 
UK) at 600, 900 and 1150°C with intermittent cooling to room temperature, grinding 
and pelletizing at each stage. Heating and cooling rates were 3°C/min. Other three 
compounds, K2(Li2/3Sn22/3)O16, K2(Fe2Sn6)O16, K2(Mn2Sn6)O16 were also prepared by 
the same method using Li2CO3 (Merck)/ Fe2O3 (Fischer)/ (CH3COO)2Mn.4H2O 
(Acoros, USA).  
X-ray powder diffraction data were collected using a Bruker D5005 
diffractometer with Cu K, radiation, equipped with a graphite monochromator and 
Soller slits. A step scan was performed over a 2+ range 10-150°, with a step size 
$2+C0C0.02° and a counting time of about 10 s per step. The Rietveld refinements of 
the powder data were performed using the GSAS software package [31]. Surface 
morphology was examined using SEM (JEOL JSM – 6700F, Field Emission Electron 
Microscope). The BET surface area of the hollandite powders was measured by 
Micromeritics Tristar 3000 (USA). Density measurements have been done on 
K2(Li2/3Sn22/3)O16 and K2(MgSn7)O16 by the helium displacement method using 
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Micromeritics Pycnometer, model accupyc 1330. X-ray photoelectron spectroscopy of 
the compounds was carried out with the VG Scientific ESCA MK II spectrometer 
(Mg-K, radiation). The high resolution spectra were recorded with a constant pass 
energy mode (20 eV). Charge referencing was done against the adventitious carbon, C 
1s with the known binding energy (BE) = 284.6 eV. The raw spectra were curve-fitted 
using XPS peak fit software. Wherever necessary, the spectra were delineated by non-
linear least square fitting with a Gauss-Lorentz (ratio 60:40) curve into multiple peaks 
and the corresponding BEs were evaluated. The BEs are accurate to + 0.1 eV.  
The electrochemical studies on the compounds were done with respect to Li 
metal in the form of coin cell using the oxides as cathodes. The electrodes were 
fabricated using a mixture of active material, Super P carbon and binder (Kynar 2801) 
in the weight ratios, 70:15:15 using 1-methyl 2-pyrrolidone (NMP) as the mixing 
medium. The method adopted for electrode and cell fabrication has been discussed in 
detail in Chapters 2 and 3. The active material in the composite electrode ranged from 
5-7 mg. Nominal electrode surface area is 2.0 cm2. The cells were aged for 24 h 
before testing. The cyclic voltammetry and galvanostatic charge-discharge cycling of 
the cells were carried out at room temperature (RT=25ºC) by computer controlled 
MacPile II (Biologic, France) unit and Bitrode multiple battery tester (model SCN, 
Bitrode, USA). Electrochemical impedance spectroscopy was done using the 
Solartron Impedance/Gain-Phase Analyzer (SI 1260) coupled with a Battery Test Unit 
(1470). An ac signal with amplitude of 5 mV at the frequency varying from 0.35 MHz 
to 2 mHz was used to measure the impedance response. Data acquisition and analysis 
were done respectively using the electrochemical impedance software, ZPlot and 
Zview (Version 2.2, Scribner Associates Inc., USA). 
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4.4      Results and Discussion 
 
4.4.1    Structure and Morphology 
 
The compounds K2(MgSn7)O16 (hereafter, (K-Mg)) and K2(Li2/3Sn22/3)O16 (K-
Li) are white whereas K2(Fe2Sn6)O16 (K-Fe) and K2(Mn2Sn6)O16 (K-Mn) are dark 
yellow and  brown respectively. The newely synthesized isostructural phases are (K-
Li), (K-Fe) and (K-Mn). The XRD patterns of (K-Li), (K-Fe) and (K-Mn) are shown 
in Figs. 4.2a, b and c. The patterns are similar and resemble those of (K-Mg) (not 
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                                                                                                                 (c )    (K-Mn) 
 
Fig. 4.2 Observed and calculated (Rietveld refined) X-ray powder diffraction patterns 
of tin hollandites. (a) K2(Li2/3Sn22/3)O16 (K-Li), (b) K2(Fe2Sn6)O16 (K-Fe) and (c) 
K2(Mn2Sn6)O16 (K-Mn).  The difference curve is plotted and the allowed reflections 
are indicated by vertical bars. Second set of vertical bars in (a) and (c) correspond to 
the allowed reflections for cassiterite-SnO2, numbers in Fig. 4.2 (a) indicate miller 
indices (hkl). 
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Rietveld refinement of the diffraction data was done on all the compounds on 
the basis of hollandite structure with tetragonal symmetry and space group, I4/m 
(#87). A second phase, present as trace in the samples of (K-Li), (K-Mg) and (K-Mn) 
and identified as cassiterite-SnO2 was incorporated into the structure refinement. The 
(K-Mn) phase contains, in addition to SnO2, some small unidentified peaks. The 
diffraction peaks of the main phase were modelled using a pseudo-Voigt profile 
function which includes an anisotropic particle size broadening contribution. 
Preferred orientation terms were added in to the refinement. The fractional 
occupancies of the Sn/M sites were fixed whenever possible to respect the charge 
neutrality of the structures. Crystallographic information and atomic coordinates are 
given in Table 4.1.  
The refinement of the hollandite compounds shows reasonable R-factors for 
both the structure and profile fitting (Table 4.1), thereby giving some justification, in 
our case, for not selecting a monoclinic subgroup as reported by Uheda et al. for (K-
Mg) [28]. In the three compounds, the potassium cation is located in one site only but 
shows a large thermal factor, suggesting possible disorder/modulation of the 
structures. The potassium site is 8-coordinated. In (K-Fe), the distance K-O1 is about 
3.103(6) Å; in (K-Li) and (K-Mg), the distances are 3.130(6) and 3.151(6) Å 
respectively. Based on bond valence calculation, the site is not favorable for 
potassium in all three structures as its dimensions are too large for the cation. The 
Sn(M) octahedra are slightly distorted in similar manners in the three structures. For 
(K-Fe), the six distances Sn(Fe)-O vary from 2.013(8) Å to 2.091(4) Å with a mean 
distance 2.054 Å. The mean distances Sn(Li)-O and Sn(Mg)-O are 2.070 Å and 2.059 
Å respectively. The incorporation of M- ion at the Sn-site is clearly reflected in the 
tetragonal a lattice parameters and the unit cell volumes (V). The a and V values 
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decrease with the decreasing tin content from 7.34"7"6 in the compounds, (K-Li), 
(K-Mg) and (K-Fe)/(K-Mn) respectively. The variation in a value also proves 
indirectly that little, if any, Li ions occupy the rutile- type 1%1 octahedra channels in 
the hollandite structure.  
 
Table 4.1   Crystallographic and refinement  data  for  tin-hollandites  K2MxSn(8-x)O16. 
Crystal system, tetragonal; space group I4/m, number of formula units per unit cell, Z 

















cell volume  V (Å3) 349.33(2) 351.59(1) 343.00(3) 343.79(1) 
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The SEM photographs of the hollandite compounds indicate qualitative 
resemblance between (K-Mg) and (K-Li) with the former having some what smaller 
particle size (sub-micron) than the latter (Figs. 4.3 a and b). The compounds, (K-Fe) 
and (K-Mn) comprised aggregates of small particles and have higher degree of non-
uniformity in particle morphology (not shown in Fig. 4.3). The BET surface areas of 
the hollandites (K-M), M=Mg, Li, Fe, Mn are 2.6, 1.4, 0.8, and 0.9 (+0.02) m2/g 
respectively, thus reaffirming the small particle size of (K-Mg). The experimental 
densities of the compounds (K-Mg) and (K-Li) were found to be 5.817 and 5.756 
g/cm3 for (K-Mg) and (K-Li) respectively. These values are higher than the 
theoretical X-ray density by 1-3%. The possible reasons could be the non-
stoichiometry at the K-site in the compounds due to some K-loss at 1150"C during 
synthesis and the presence of trace amounts of SnO2 impurity. 
   
                              (a)                                                                     (b) 
                                                                                                                                          
Fig. 4.3 SEM photographs of the as-prepared tin hollandite powders. (a) 
K2(MgSn7)O16 (K-Mg) (b) K2(Li2/3Sn22/3)O16 (K-Li). Bar scale, 1µm.  
 
4.4.2    XPS of Hollandites 
 
  The X-ray photoelectron spectroscopy (XPS) is a non-destructive but surface 
sensitive technique that provides information pertaining to the elemental composition 
of a compound and the oxidation states of the elements. The XPS of tin hollandites 
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have not been reported in the literature. Fig. 4.4 shows XPS spectra for the 
compounds, K2(MgSn7)O16 (K-Mg) and K2(Li2/3Sn22/3)O16 (K-Li) in various BE 
regions. Since Li and Mg are present in small amounts in comparison to K, Sn and O, 
the XPS signal to noise ratio corresponding to these elements was very weak and not 
shown in Fig. 4.4.  
 Fig. 4.4  XPS spectra of K2(MgSn7)O16 (K-Mg) and  K2(Li2/3Sn22/3)O16 (K-Li). (a) 
and (b) K 2p spectra, (c) and (d) Sn 3d spectra and (e) and (f) O 1s spectra. Base line 
and curve fitting of the raw data are shown. The numbers refer to binding energies 
(BE, + 0.1 eV). 
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The K 2p core level spectra of (K-Mg) and (K-Li) shown in Figs. 4.4a and b 
comprise two overlapped peaks in the range, 290-297 eV corresponding to K 2p3/2 and 
K 2p1/2 with a peak separation, $=(2p3/2-2p1/2) = 2.8 eV for both the compounds. The 
K 2p3/2 peak positions for K(metal), KOH, KO2, K2O2 and KFeO2 are in the range, 
292.8-294.7 eV [32]. The BE values of 292.5 and 292.3 eV observed for (K-Mg) and 
(K-Li) are comparable to the BE value of 292.7 eV for K 2p3/2 observed in K1+Fe3+O2 
(orthorhombic structure) [32].    
 The Sn 3d spectra (Figs. 4.4c and d) for (K-Mg) and (K-Li) also comprise two 
peaks with BEs at 485.9 and 494.3 (+0.1) eV attributable to Sn 3d5/2 and Sn 3d3/2 
respectively. The peak separation, $ = 8.4 eV for both the compounds. These 
observed BE values are comparable to those in ASnO3 (A=Ca,Sr,Ba) [22] having Sn 
in octahedral O-coordination and 4+ oxidation state. The XPS in the O 1s region for 
(K-Mg) and (K-Li) are shown in Figs. 4.4e and f. The observed asymmetric peak was 
fitted in to two overlapped peaks with BEs at 529.7 and 530.9 (+0.1) eV for both the 
compounds. The O 1s peak at 529.7 eV can be ascribed to the O2- arising from the 
hollandite anionic framework and the low intensity peak at 530.9 eV is due to the OH- 
and/or adsorbed oxygen [22,33,34].  
4.4.3 Galvanostatic Cycling of Sn-Hollandites  
 
The voltage vs capacity profiles of the first cycle in the galvanostatic cycling 
mode for the hollandites, (K-M), M=Li, Mg, Mn, Fe as cathodes vs Li were recorded 
at 60 mA/g and for (K-Li) also at the 100 mA/g current density. The curves shown in 
Fig. 4.5a indicate that in all cases the first-discharge commences cathodically from the 
open circuit voltage (OCV=2.6-2.8 V) up to 0.005 V followed by the charge curve up 
to the cut-off voltage, 1.0 V. For all the compounds the voltage drops rapidly from 
OCV to ~0.8 V.  Thereafter, the voltage plateau region (0.75-0.85 V) sets in. For (K-
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Mg) and (K-Li) the aforesaid region extends up to 400 mAh/g (~17 moles of Li per 
formula unit) while for (K-Fe) and (K-Mn), the voltage plateau is stretched up to 600 
mAh/g (~26 moles  of   Li per formula unit).   
























(c) (K-Fe); 60 mA/g
Capacity,mAh/g









 Fig. 4.5 The voltage vs capacity profiles for the tin-hollandites. (a) First discharge-
charge cycle from open circuit voltage (OCV) to 0.005 V vs Li at 60 mA/g. (b) 
K2(Li2/3Sn22/3)O16 (K-Li) at 100 mA/g and (c) K2(Fe2Sn6)O16 (K-Fe) at 60 mA/g, 2-50 
cycles in the voltage range, 0.005-1.0 V. Only select cycles are shown. Numbers refer 
to cycle numbers. (K-Mg) and (K-Mn) correspond to K2(MgSn7)O16 and 
K2(Mn2Sn6)O16 respectively.  
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The plateau regions are followed by continuous sloping voltage profile up to 0.005 V. 
The total first-discharge capacities for (K-Mg), (K-Li), (K-Fe) and (K-Mn) were 
found to be 1306, 1488, 1460 and 1487 mAh/g respectively (Table 4.2 and Fig. 4.5a). 
The minor differences in the voltage plateau positions are attributable to subtle effects 
of the nature of the M element in these hollandite compounds. 
As has already been established in the other binary and ternary tin oxides 
[1,2,6-23], in the above cases too, the first-discharge reaction is the crystal structure 
destruction process, leading to the formation of electrochemically active tin metal 
nano-particles in an amorphous matrix of K2O, Li2O and MgO/ Mn/ Fe-metal where 
in 28-30.8 moles of Li per formula unit will get consumed depending on Sn-content 
and M-ion. The reaction of (K-Mg) with Li, as an example, is given in Eqn.(4.1). 
Further reaction with Li causes the Li-Sn alloy formation consuming 4.4 moles of Li 
per mole of Sn (Eqn. 4.2).  
K2(MgSn7)O16 + 28Li+ + 28e- " K2O +  MgO + 7Sn +  14Li2O                             (4.1) 
7Sn + 30.8 Li+ + 30.8e-  '  7Li4.4Sn                                                                        (4.2) 
The plateau regions indicative of structure destruction consumed ~17 moles of 
Li (~400 mAh/g) for (K-Mg) and (K-Li) as against the expected 28.0 and 29.3 moles 
of Li. The K and Mg ions will not be reduced to metals due to their high K-O and Mg-
O bond energies [17,19,22,35]. Similarly, for the (K-Fe) and (K-Mn) compounds, the 
plateau region corresponds to 26 moles of Li (~600 mAh/g) instead of the theoretical 
amount of 30 moles of Li, assuming that the transition metal ions (Fe and Mn) are 
also reduced to the metals. The sloping voltage regions covering the large portion of 
the voltage-capacity profiles are indicative of the simultaneous occurrence of the two 
processes, viz., the structure destruction and the Li-Sn alloy formation. The 
theoretically  expected first-discharge  capacities along  with the observed  values, and 
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the equivalent number of moles of Li calculated from the respective molecular 
weights are given in Table 4.2. For convenience, the number of moles of recyclable Li 
per mole of Sn in the compounds are also given in Table 4.2. As can be seen, except 
the compound (K-Mg), all the other hollandites consumed slightly more moles of Li 
than the calculated amount, by 3-13%, during the first-discharge. This can be 
explained as due to the formation of the solid electrolyte interphase (SEI) on the 
amorphous oxide-matrix by the reaction of Li with the electrolyte. In the case of (K-
Mg), the difference corresponds to only 0.8 moles of Li, and it is possible that the 
over-all reaction is not complete during the first-discharge process (Table 4.2).  
The voltage corresponding to the structure-destruction is close to that of SnO2 
(~0.9 V) [1,6,17] but differs from the values observed in tin-oxides in glassy matrix 
(amorphous tin composite oxide (ATCO)) (1.2-1.7 V) [5-7], A2SnO4 
(A=Mn,Co,Mg;~0.9-0.1 V) [17], ASnO3(A=Ca,Sr,Ba; 0.2-0.3 V) [22]  and SnP2O7 
(1.3 V) [16]. Such a variation is attributable to the effect of the crystal structure, 
counter ion and the Sn oxygen-coordination. The first-charge profiles comprise a 
broad voltage plateau region, at ~0.4 V bounded by small sloping lines for all the Sn-
hollandites (Fig. 4.5a).  This reaction is essentially a de-alloying process, the reverse 
reaction in Eqn. 4.2. First charge capacities (mAh/g) are 505, 602, 481 and 418 for the 
hollandites, (K-Mg), (K-Li), (K-Fe) and (K-Mn) respectively (Table 4.2 and Fig. 
4.5a). These values are lower than the theoretical value of 4.4 moles of recyclable Li 
per mole of Sn. These low first-charge capacities are attributed partly to the kinetic 
reasons and partly to the effect of matrix in not allowing all the inserted Li in the 
electrode to get extracted during the charge reaction at the employed current densities. 
This conclusion is supported by the cycling studies on (K-Li) at two different current 
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rates, 60 and 100 mA/g (Fig. 4.6). The capacity values at 100 mA/g are smaller than 
those obtained when cycled at 60 mA/g. 
The voltage vs capacity plots for the hollandites, (K-Li) (current rate=100 
mA/g) and (K-Fe) (current rate=60 mA/g) in the voltage range, 0.005-1.0 V vs Li up 
to 50 cycles are shown in Figs. 4.5b and c respectively. As expected, the second and 
subsequent discharge profiles differ from the first-discharge profile and correspond to 
the alloying reaction (forward reaction of Eqn. 4.2) in an amorphous matrix of K2O 
and Li2O (and Fe for (K-Fe)). The subsequent charge profiles are similar to the first-
charge profile (Figs. 4.5a, b and c). However, the voltage profiles after 10 cycles 
indicate small electrode polarization and thus, capacity fading with cycling. Average 
discharge- and charge- potentials are 0.25 V and 0.4 V respectively for all the 
compounds. From Table 4.2, it is clear that the number of moles of recyclable Li per 
mole of Sn is as high as 3.7 for (K-Li) after the 1st charge, which is one of the highest 
values reported for Sn-oxides in the literature [16]. The compound (K-Fe) also shows 
a high value, 3.5 moles of recyclable Li. We note that Fe metal nano-particles formed 
during the first-discharge will not participate in the first-charge and subsequent 
charge-discharge cycles since the upper cut-off voltage is only 1.0 V in our 
experiments. However, these are expected to act as inert matrix, in addition to K2O 
and Li2O.  
The capacity vs cycle number plots for the Sn-hollandites, (K-M) at a current 
density of 60 mA/g in the voltage range, 0.005-1.0 V vs. Li up to 50 cycles are shown 
in Fig. 4.6. For (K-Li) the data at a higher current rate, 100 mA/g are also presented. 
The current rate of 60 and 100 mA/g correspond to 0.1 C and 0.17 C for (K-Li) 
assuming 1C=600 mA/g (equivalent to the observed first charge capacity). Similarly, 
for (K-Mg); 1C=500 mA/g, (K-Fe); 1C=480 mA/g and (K-Mn); 1C=418 mA/g, the 
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current density of 60 mA/g will correspond to 0.12-0.14 C. The charge and discharge 
capacities for the Sn-hollandites at the 1st, 20th and 50th cycle, along with the 
equivalent number of moles of Li are given in Table 4.2. The capacity-retention (%) 
after 50 cycles in each case is also given in Table 4.2. It is inferred that (K-Li) gives 
higher capacity values since it has largest number of Sn atoms per formula unit and 
small Li-content with lowest atomic weight.  



















 Fig. 4.6 Capacity vs cycle number plots for K2(MgSn7)O16 (K-Mg), K2(Li2/3Sn22/3)O16 
(K-Li), K2(Fe2Sn6)O16 (K-Fe) and K2(Mn2Sn6)O16 (K-Mn), 2-50 cycles in the voltage 
range, 0.005-1.0 V. Current density is 60 mA/g for all the compounds. Data for (K-Li) 
at current rate, 100 mA/g are also shown. Filled and open symbols represent discharge 
and charge capacities respectively. 
 
Results from Table 4.2 and Figs.4.5b, c and 4.6 also show that all the Sn-
hollandites show capacity-fading when cycled up to 50 cycles. The (K-Li) and (K-Fe) 
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retain 78 and 83 % of the 1st charge-capacity, whereas the (K-Mn) retains only 53% 
after 50 cycles. As expected, the reversible capacities decreased slightly in (K-Li) 
when cycled at 100 mA/g in comparison to those observed at the current density of 60 
mA/g up to 40 cycles, after which they become identical (Figs. 4.5b, 4.6 and Table 
4.2). The capacity-retention in this case is 85 %. It is clear from Table 4.2 and Fig. 4.6 
that the coulombic efficiency (difference between the charge and discharge capacity at 
a given cycle number) is >98 % in the range 10-50 cycles in the Sn-hollandites except 
(K-Mn). The difference in the electrochemical-cycling behaviour of (K-Fe) and (K-
Mn) is attributed to the poor ability of ‘Mn’ as the matrix element in contrast to ‘Fe’ 
which effectively buffers the volume variations during cycling. These results are 
supported by the previous work done on Mn2SnO4 [17], MnMoO4 [21] and NaFeSnO4 
[23]. The Mn as the matrix element in the above showed poor cycling performance 
while NaFeSnO4 showed excellent cycling response up to 100 cycles with nil capacity 
fading. We note that the Sn-content in the hollandites is much more than the contents 
of K and M (Li, Mg, Fe and Mn) ions in the molecular formula, K2(M-Sn)8O16 and 
those elements may not act effectively as the matrix ions in giving stable capacity 
over large number of cycles. Thus, the cycling performance (50 cycles) of Sn-
hollandites compares well with those reported in the literature on other crystalline Sn-
oxides containing Sn4+O6 octahedra except CaSnO3 [19] and cubic SnP2O7 [16].  
4.4.4   Cyclic Voltammetry of Sn-Hollandites 
 Cyclic voltammetry can reveal the electrode reactions occurring during 
cycling and has been used to study the behaviour of hollandites, (K-Li) and (K-Fe) vs 
Li at a sweep rate 0.058 mV/s.  Fig. 4.7a and b depict the cyclic voltammograms (CV) 
as the variation of 3$Q6(current x time) vs V (volts) in the voltage range 0.005-1.0 
and -2.0 V for (K-Li). The curves for (K-Fe) in the range, 0.005-1.0 V are shown in 
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Fig. 4.7c. The first-discharge reaction always commenced cathodically from OCV 
(~2.5 V) to 0.005 V.  











(b) (K-Li); 0.005-2.0 V









 Cell voltage vs Li, V




















 Fig. 4.7 Cyclic voltammograms of K2(Li2/3Sn22/3)O16 (K-Li): (a) Voltage range 0.005-
1.0V, (b) Voltage range 0.005-2.0 V. (c) K2(Fe2Sn6)O16 (K-Fe) in the voltage range 
0.005-1.0 V. Li metal was the counter and reference electrode.  Scan rate was 0.058 
mV/sec. Only select cycles are shown. Numbers refer to cycle numbers. 
                                                                                                                                     148
    
 
Analogous to galvanostatic cycling profiles, the first-discharge sweep differs 
significantly from rest of the discharge sweeps. It shows two broad peaks, at ~0.6 V 
and at ~0.1 V. The former peak corresponds to the structure destruction and 
amorphisation of (K-Li) and (K-Fe) caused by lithium reaction and formation of Sn 
metal nano-particles. Further reaction with lithium leads to the Li-Sn alloy formation 
depicted by the peak at ~ 0.1 V. Subsequent charge-cycles up to 1.0 V (Figs. 4.7a and 
c) show a peak at ~0.45-0.55 V which is indicative of the de-alloying reaction 
(reverse of Eqn. 4.2).  From the second cycle onwards (up to 30 or 40 cycles), the CV 
up to 1.0 V show only one peak each in the discharge and charge cycle showing the 
electrochemical cycling of Li via reversible alloy formation. These CV compare fairly 
well with those observed in NaFeSnO4 [23]. The slightly diminishing area of the CV-
loops shows gradual capacity-fading upon cycling. Fig. 4.7b showing the CV up to 
2.0 V cut-off, exhibit an additional pair of low-intensity peaks at ~1.3-1.5 V and at 
~0.65-0.7 V in the anodic (charge) and cathodic (discharge) sweeps respectively. This 
is due to the oxidation of Sn during charge sweep and reverting back to metallic Sn 
during the discharge cycle [11,20,23]. The areas under the main and low-intensity 
peaks diminish appreciably within 20 cycles, signifying thereby extensive capacity-
fading when cycled up to ~2.0 V.  Therefore, similar to other tin oxides, for good 
cycling response, the voltage window is restricted up to 1.0 V in the present study. 
These CV results complement the galvanostatic cycling response of the Sn-
hollandites. 
4.4.5     Electrochemical Impedance Spectroscopy (EIS) of K2(Li2/3Sn22/3)O16  
 
4.4.5.1 First-discharge and -charge cycle     
 
EIS was used to study the electrode behaviour at different stages of discharge 
and charge during the 1st and 15th cycle on a cell with K2(Li2/3Sn22/3)O16 (K-Li) as the 
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cathode vs Li. The impedance spectra are presented in the form of Nyquist plots (ZD 
vs -ZE) comprising frequency dependent semicircles and straight line regions in Fig. 
4.8. The data were analysed by fitting with an equivalent circuit made up of 
resistances Ri, RiAACPEi and the Warburg element, W shown in Fig. 4.9. The CPEs are 
the constant phase elements that are used to account for the non-homogeneous nature 
of the composite electrode.  
 
Fig. 4.8 Family of Nyquist plots (ZD vs -ZDD) for the cell with K2(Li2/3Sn22/3)O16 (K-Li) 
as cathode at different voltages. (a) During the first-discharge reaction from open 
circuit voltage (OCV=2.8 V) to 0.005 V (vs Li). (b) During the first-charge reaction 
from 0.005 V to 1.0 V. (c ) During the 15th discharge-cycle from 1.0 to 0.005 V. (d) 
During the 15th charge-cycle from 0.05-1.0 V. Stabilized cell voltages, after 3 h stand 
are shown. Select frequencies in the impedance spectra are shown. Regions (i)-(v) 
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The circuit elements are: Re (ohmic resistance of electrolyte and cell 
components), RsfAACPEsf (impedance of the surface film attributable to the high 
frequency semicircle), RctAACPEdl (charge transfer impedance due to 
electrolyte/surface-film/electrode interfaces and the double layer (dl) capacitance 
attributable to the medium frequency semicircle), RbAACPEb (impedance of the bulk 
composite electrode and bulk capacitance attributable to the low frequency 
semicircle) and W, the Warburg impedance governing the diffusion of Li-ions at all 
voltages. Contribution to Rb arises mainly from the electronic resistivity of the active 
material/matix ions. Various regions in the impedance spectra are shown as sections 
(i)-(v) in Figs. 4.8a, d and the circuit elements representing these are marked in Fig. 
4.9. Symbols represent the experimental data and the fitting with the equivalent circuit 
of Fig.4.9 is shown as continuous lines. The equivalent circuit and the assignment of 
Ri66CPEi are in conformity with the recent interpretations of the impedance spectra of 
the Li-insertion electrodes [36-39], and explains the high effective values of the 
observed CPEb which are in the range of mF [38,39]. It may be mentioned that since 













CPEsf CPEdl CPEb 
Fig. 4.9 Equivalent circuit used for fitting the impedance spectra of Fig. 4.8. 
Different resistances, Ri and /or Ri<<CPEi components are shown sectioned as (i)-
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at the counter (Li-metal) electrode, the variations in the impedance spectra and 
relevant parameters as a function of voltage can be safely attributed to the test 
electrode of the two-electrode cell. 
Family of Nyquist plots for the first-discharge cycle from OCV to 0.005 V at 
various intermediate potentials is presented in Fig. 4.8a. The fitted values of the 
impedance parameters are given in Table 4.3. For the spectra comprising a single 
semicircle followed by a straight line, i.e., in the voltage range OCV (2.8 V) -1.5 V 
and 0.25-0.005 V, the circuit without Rct, CPEdl and W was used for the fitting. Fitting 
was not done in the low frequency region (< 0.1 Hz) since the curves were not fully 
developed.  
According to the fitting, in all the Nyquist plots, the Re (ohmic resistance of 
the electrolyte and cell components) is 2-4 (+0.5) F, indicating that the cells have 
been properly fabricated. The single semicircle in the high-medium frequency range 
in the spectra at 2.8, 2.0 and 1.5 V (Fig. 4.8a), corresponding to a resistance of ~210 
F, can be attributed to the overall impedance, comprising the surface film and the 
charge transfer resistance (Rsf+Rct). The straight-line portion in the low frequency 
region (< 5.5 Hz) represents the Warburg-type region for a non-ideal electrode system 
[40-45]. 
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The impedance spectrum at 1.0 V comprises an additional depressed semi-
circle. This is indicative of additional impedance which can therefore be ascribed to 
the bulk resistance of the composite electrode (Rb=120 (+ 5) F with the associated 
CPEb= 4 (+ 1) mF). The spectrum at 0.75 V (and at 0.5 V), where the diameter of the 
first-semicircle decreased to ~78 F and the second semicircle representing Rb 
disappears (Fig. 4.8a) shows that the overall electrode impedance decreased 
extensively due to the formation of more conducting tin nano-particles as a result of 
structure destruction (Eqn.4.1). This is the region in which Sn and LixSn co-exist in 
equilibrium. However, the increase in the diameter of the first semicircle by ~40 F 
(fitted value is 116 F) in the spectrum at 0.25 V and the accompanying very-
depressed semi-circle (almost like a horizontal line) shows an increase in (Rsf+Rct) 
accompanied with the re-occurrence of Rb at this voltage (Fig. 4.8a). This can be 
ascribed to the almost single-phase alloying reaction represented by the sloping region 
of the galvanostatic first discharge profile (Fig. 4.5a and Eqn. 4.2). Actually, the first-
discharge reaction is the ‘electrode formation cycle’ and the time constants 
corresponding to various processes are inseparable and thus cannot be identified 
clearly. The Nyquist plots at subsequent discharge potentials, 0.1 V and 0.005 V are 
almost identical to that measured at 0.25 V. Corresponding CPEs at all voltage are in 
the range, 22-37(+ 5) #F (Table 4.3).  
The Nyquist plots for the first-charge cycle from 0.005-1.0 V are shown in 
Fig. 4.8b. The spectra at all voltages showed evolution of an additional small semi-
circle in the high frequency region (0.35 MHz-5 kHz) attributable to the impedance of 
surface film (Rsf), i.e., impedance of SEI similar to the ones reported in literature [36-
41,43-49]. The fitted values ranged from 5-13 (+ 2) F (Table 4.3). At 0.05 and 0.1 V, 
the Rct represented by the second depressed semi-circle in the intermediate frequency 
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range 4.4 kHz-2.7 Hz, is 106 (+ 5) F and the Rb is represented by depressed 
semicircle (seen as almost a straight line) in the frequency range, 2.7-0.03 Hz. The 
charge reaction till 0.25 V caused Rct to decrease to 46 (+ 5) F (CPEdl=43 #F) and the 
Rb was reduced to negligible values (Table 4.3). This decreasing trend of (Rsf+Rct) is 
seen till 0.5 V. Moreover, at this voltage as well as at 0.75 V, three overlapped 
semicircles are seen, representing time-dependent impedances due to SEI (Rsf) (0.35 
MHz-4.4 kHz), charge transfer (Rct) (4.4 kHz-35 Hz) and bulk (Rb) (35-1.4 Hz). This 
voltage range matches well with the plateau region 0.25-0.5 V observed during the 
first-charge reaction in the galvanostatic profile, where Sn and LixSn are co-existing 
in equilibrium and thus offering minimum impedance to Li-ion extraction. 
Subsequent charge reaction up to 0.75 and 1.0 V led to a slight increase in the Rct to 
31(+ 5) F and Rb to 4(+ 2)F, since in this voltage range, the dealloying reaction is 
completed. We observed a significant decrease in the Rb and Rct in the case of CaWO4 
[41] upon Li-extraction although the reaction mechanism in this case is of redox-type.  
4.4.5.2 Impedance spectra during the 15th discharge –charge cycle          
           The first discharge–charge cycle is the ‘formation cycle’ involving both 
Eqns.4.1 and 4.2, whereas the subsequent cycles involve only Eqn. 4.2 and contribute 
to the reversible capacity. Further, from Fig. 4.6 it is clear that the coulombic 
efficiency attains maximum value only after the first few discharge-charge cycles. 
Hence EIS studies were carried out during the 15th discharge–charge cycle (0.005-1.0 
V) and the Nyquist plots are shown in Figs. 4.8c and d respectively. Qualitatively, the 
spectra are similar at a given voltage thereby showing good electrochemical 
reversibility.   
 The first semicircle in the high-frequency region (0.35 MHz-3.5 kHz; section 
(ii)), gave Rsf = 13 + 4 F and 16+ 6 F during the 15th discharge and charge cycle 
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respectively indicating almost nil voltage-dependence (Table 4.3 and Fig. 4.8c,d). The 
corresponding CPEsf are in the range, 59-97 (+ 5) F. These potential independent 
values of impedance reflect the stability of SEI with the depth of discharge/charge. 
The stable SEI in turn prevents further decomposition of the electrolyte at the 
electrode-electrolyte interface up on electrochemical cycling. Similar results were 
reported on other Li-insertion electrodes [36,37,39,41,45]. 
The spectra in the voltage range, 1.0-0.25 V during both 15th charge and 
discharge cycle comprise two overlapped semicircles in the intermediate frequency 
range, 3.5 kHz-1.4 Hz and correspond to sections (iii) and (iv) of Fig. 4.9 representing 
Rct66CPEdl and Rb66CPEb circuit elements respectively. The low-frequency Warburg 
region, a straight line with a slope of 50-55", is clearly delineated. However, for 
0.25&V'0.005 V, the Rb66CPEb component extends to low-frequency region (2.2Hz - 
2 mHz) and the Warburg region is not seen due to experimental limitation. The fitted 
values of impedance parameters given in Table 4.3 show an interesting trend in Rct 
and Rb. Both of them go through a minimum in the voltage range, 0.25-0.50 V, the 
region of co-existence of Sn and Li4.4Sn phases along with the Li-M-O matrix. 
Interestingly, the Rb values (and the CPEb) increase by more than an order of 
magnitude under deep discharge conditions, 0.1(0.005 V (Table 4.3). This shows 
that as more and more of the alloy (Li4.4Sn) forms from the nano-metal Sn-particles, 
bulk impedance and, to a smaller extent the charge-transfer impedance (Rct) increase. 
This is to be expected since the alloy will have a higher absolute value of resistivity as 
compared to Sn-metal. Indeed, the recent single crystal study on Li-Sn alloy system 
has shown that the actual composition is Li4.25Sn, and not Li4.4Sn as usually 
envisaged, and it is a poor-metal [50]. A closer look at the Rct value at 1.0 V during 
the discharge and charge operation shows that it increased from 11 to 22 (G5) F . This 
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increase, along with the large variations in Rb during either charge or discharge 
sequence may be the reason for the observed capacity-fading in (K-Li) on cycling to 
50 cycles.  
4.5 Conclusions 
 
  Tin oxides with the hollandite structure, K2(M,Sn)8O16, M=metal, have been 
investigated as possible anodes for LIB. These contain electrochemically-active SnO6 
octahedra, and the K and M metals act as the matrix (spectator) ions. The compounds 
K2(Li2/3Sn22/3)O16 (K-Li) , K2(Mn2Sn6)O16 (K-Mn) and K2(Fe2Sn6)O16 (K-Fe) are new 
iso-structural phases. These along with K2(MgSn7)O16 (K-Mg)  have been synthesized 
and characterized by XRD, SEM, XPS and BET surface area. Rietveld refinement of 
the powder XRD data yielded the tetragonal lattice parameters and occupancies of the 
ions with good fitting. XPS on (K-Li) and (K-Mg) confirm the formal valencies of the 
ions in the compounds. Galvanostatic charge-discharge cycling, at 60 (and 100) mA/g 
in the range 0.005-1.0 V vs Li metal up to 50 cycles, cyclic voltammetry (CV) and 
impedance spectroscopy were carried out on cells at ambient temperature.  
  Crystal structure destruction occurs during the first-discharge (reaction) with 
Li, followed by reduction to Sn-metal and LixSn alloy formation. Subsequent charge-
discharge cycling involves de-alloying- alloying reaction of LixSn in the 
amorphous/nano-crystalline matrix of Li-M-O and contribute to the reversible 
capacity. The first-charge capacities shown by (K-Li), (K-Mg), (K-Fe) and (K-Mn) 
are 602, 505, 481 and 418 (G3) mAh/g respectively, which correspond to 3.7-3.0 
moles of recyclable Li per mole of Sn (theor., 4.4 Li). Slow degradation of the 
capacity was noted in all cases. However, (K-Li) and (K-Fe) performed better and 
retained 78 and 83% of the initial capacity respectively after 50 cycles. (K-Mg) and 
(K-Mn) retained only 68 and 53% of the initial capacity under the above conditions. 
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This clearly indicates the effect of matrix metal/ion on the Li-recyclability. The 
average charge- and discharge- voltages were found to be 0.4-0.5 V and 0.25-0.30 V 
respectively, with coulombic efficiency >98 % in all cases except (K-Mn), in the 
range 10-50 cycles. The CV data complement the galvanostatic cycling results and 
showed that a good operating voltage range is 0.005-1.0 V vs.Li.  
Impedance spectral data, measured on cells with (K-Li) during the 1st and 15th 
cycle at various voltages, have been fitted to an equivalent circuit and the relevant 
parameters were evaluated. Results show that while the surface film resistances (Rsf) 
does not vary much with the voltage, the charge transfer resistance (Rct) and bulk 
resistance (Rb) go through a minimum in the voltage range, 0.25-0.50 V, the region of 
co-existence of Sn and Li4.4Sn phases along with the Li-M-O matrix. Interestingly, the 
Rb values (and the capacitance, CPEb) increase by more than an order of magnitude 
under deep discharge conditions, 0.1(0.005 V. This shows that as more and more of 
the alloy (Li4.4Sn) forms from the nano-metal Sn-particles, bulk impedance and, to a 
smaller extent the charge-transfer impedance (Rct) increase. The latter two effects 
possibly contribute to the observed capacity-fading in (K-Li) and other Sn-
hollandites. 
           The electrodic-performance of the Sn- hollandites compares well with that 
reported on other Sn-oxides with the Sn+4O6 octahedra, except CaSnO3 and cubic-
SnP2O7. We conclude that studies on crystalline Sn-mixed oxides need to be 
continued to arrive at the optimum crystal structure, matrix atoms/ions and their 
content for use in LIB. 
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Chapter 5 
Mixed transition metal oxides as anodes for Li-ion batteries* 
5.1      Abstract 
 To investigate the effect of crystal structure, counter ions and voltage range 
on the electrochemical Li-cycling properties, the mixed transition metal oxides, 
CaFe2O4, Li0.5Ca0.5(Fe1.5Sn0.5)O4, NaFeSnO4 (CaFe2O4 type structure), Ca2Fe2O5 and 
Ca2Co2O5 (Brownmillerite and related structure) have been synthesized and  studied. 
CaFe2O4 shows a reversible capacity of ~200 mAh/g at 60 mA/g during 12-50 cycles 
in the voltage range, 0.005-3.0 V, but shows slight capacity fading when the upper 
voltage is reduced to 2.5 V. Li0.5Ca0.5(Fe1.5Sn0.5)O4 gives a reversible capacity of ~450 
mAh/g in the voltage range, 0.005-3.0 V at a current density of 60 mA/g in the range 
5-30 cycles and shows slight capacity-fading  up to 50 cycles. NaFeSnO4 shows 
drastic capacity-fading on cycling to 3.0 V, but shows very good cycling performance 
(310-340 mAh/g in the range, 4-110 cycles) on cycling between 0.005-1.0 V at 60 
mA/g. Ca2Fe2O5 shows a reversible capacity of 226 mAh/g at the 14th  cycle and 
retained 183 mAh/g at the end of 50 cycles at 60 mA/g in the voltage window, 0.005-
2.5 V.  A reversible capacity in the range, 365-380 mAh/g, which is stable up to 50 
charge-discharge cycles is exhibited by Ca2Co2O5 in the voltage window, 0.005-3.0 V 
and at 60 mA/g. This corresponds to recyclable moles of Li of 3.9 + 0.1 (theor., 4.0). 
Significant improvement in the cycling performance and attainable reversible capacity 
were noted for Ca2Co2O5 on cycling to an upper cut-off  voltage of 3.0 V as compared 
*Work presented in this Chapter has been published in the following journals:                    
J. Power Sources    124 (2003) 204-212;                                                                   
Electrochim. Acta  49(2004)1035-1043. 
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to 2.5 V.  Impedance spectroscopy data on Ca2Co2O5 clearly indicate the reversible 
formation/decomposition of polymeric surface film on the electrode surface of 
Ca2Co2O5 in the voltage window, 0.005-3.0 V. Cyclic voltammetry results 
complement the galvanostatic cycling data. The mechanism of operation of the 
electrodes as well as the beneficial effects of the presence of Ca-ion and cycling up to 
3.0 V cut-off in the above metal oxides have been discussed. 
5.2     Introduction 
Studies on the anode materials for Li-ion batteries (LIB) are focused on 
carbonaceous materials [1], tin (Sn) oxides and amorphous tin composite oxides 
(ATCO) [2-6], Li-alloys and intermetallics [7] and recently, the transition metal 
oxides [8-13]. The higher attainable capacity observed for the latter materials (400-
900 mAh/g) over the graphite (theoretical capacity of 372 mAh/g) and more 
beneficial safety aspects make them as alternate choice as anode in LIB. Therefore, 
extensive studies were carried out to explore new metal oxides and optimize their 
performance. The reversible formation of Li-Sn alloy contributes to the capacity in 
Sn-oxides and ATCO. The ATCO with boron and phosphorous was reported to 
exhibit reversible capacity values as high as 600 mAh/g [2], but the large irreversible 
capacity loss during the first discharge-charge cycle and its limited cycle life due to 
aggregation of Sn-metal particles over continued cycling has limited its use in the 
practical cells. Several strategies were adopted to overcome the problem of capacity-
fading in ATCO and other Sn-containing compounds viz., using the ‘spectator’ atoms 
in the matrix which can help in absorbing the volume changes that take place during 
charge-discharge cycling and retard Sn-aggregation process [3-6], by dispersing the 
electroactive Sn-oxide in the form of nano-particles and by choosing the appropriate 
operating potential window [3-5]. 
                                                                                                                                                                           164
                                                                                                                                           
 
Recently, transition metal oxides, MO (M= Co, Ni, Cu and Fe) have been 
studied as possible anodes [8-13]. A new concept concerning reaction mechanism for 
these oxides involving the formation and decomposition of Li2O accompanied by the 
formation and oxidation of metal nano-particles has been proposed [8-10,12,13]. 
Similar to Sn-compounds, these transition metal oxides also suffer from the first cycle 
irreversible capacity loss. The possible cause is the irreversible consumption of Li for 
the formation of solid electrolyte interphase (SEI) as a consequence of the electrolyte 
decomposition involving lithium on the high surface area decomposition products 
during the first-discharge reaction. The oxide, CoO was found to show the best 
performance with reversible capacities as high as 700 mAh/g and good capacity 
retention for more than 50 cycles [8,9]. However, studies by Wang et al. [12,13] and 
Larcher et al. [14] on CoO and Co3O4 showed significant capacity-fading on cycling, 
especially in Co3O4. Studies on iron oxide, FeO also showed promising initial 
capacity values (300-600 mAh/g), but exhibited significant capacity-fading on 
continued cycling [8]. Iron oxides are attractive materials for LIB due to their 
abundance, low cost and environmentally benign discharge products. Mixed oxides of 
iron, FeBO3 [15] and Fe3BO6 [15,16], CaFe2O4 and Li-Ca-Fe-SnO4 [11,17] have been 
studied with respect to their anodic properties.  
Important conclusions from the work reported in Chapters 3 and 4 are: 
Ternary tin oxides with hollandite and perovskite crystal structures comprising corner 
and edge/corner shared SnO6 octahedra can function as anodes for LIB. Among these 
compounds, nano-phase CaSnO3 exhibited best cycling response with ‘Ca’ acting as a 
beneficial ‘spectator’ atom in giving high capacity (380 mAh/g) and retaining it over 
several charge-discharge cycles.  It would be interesting to extend the studies with 
‘Ca’ as a matrix element with transition metal oxide and also Sn-Fe together as the 
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mixed electroactive host. Therefore, we have synthesized mixed transition metal 
oxides: CaFe2O4, its Sn-doped compounds, Li0.5Ca0.5(Fe1.5Sn0.5)O4 and NaFeSnO4 
(CaFe2O4 structure) and Ca2Fe2O5 and Ca2Co2O5 (Brownmillerite and related 
structure) and their electrochemical performance vs Li was evaluated. These 
compounds provide the ‘spectactor’ matrix (CaO/Na2O) on one hand and contain the 
promising and well-studied transition metals (Co and Fe).  
5.3 Experimental 
 
The compounds, CaFe2O4, Li0.5Ca0.5(Fe1.5Sn0.5)O4 and NaFeSnO4 were 
synthesized by the high temperature solid-state reaction. The starting materials used 
for the synthesis are: Li2CO3 (Fluka), Na2CO3 (BDH), CaCO3 (Merck), SnO2 (Merck) 
and Fe2O3 (Fisher). For the preparation of CaFe2O4 and Li0.5Ca0.5(Fe1.5Sn0.5)O4, 
stoichiometric amounts of the staring materials were mixed, ground and heated at 
1180"C in air for 24 h followed by quenching to room temperature. The product was 
reground, re-heated as above and quenched [17,18]. For NaFeSnO4 preparation, a 
thoroughly ground stoichiometric mixture of the reactants was heated at 850oC for 24 
hours followed by slow cooling (3oC/min) to room temperature. The reground product 
was pelletized and subjected to the same heat treatment. The final product was ground 
to fine powder.    
Ca2Co2O5 was synthesized by the solution method using CaCO3 (Merck) and 
Co(OOCCH3)2.4H2O (Alfa Aesar) as starting materials [19]. Stoichiometric amounts 
(0.06 M) were converted to their respective chlorides by dissolving them in dilute 
(50%)  HCl and the solutions were mixed. An aqueous solution of Na2CO3 (BDH) 
(0.12 M) was then added drop by drop to the above solution while stirring to obtain 
the corresponding mixed carbonate precipitate. The product was washed two times 
with de-ionised water to remove the soluble products. The filtered precipitate was 
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dried at 160"C in air-oven for 12 h followed by heating at 1100"C for 12 h in air and 
slowly cooled to room temperature. The compound Ca2Fe2O5 was synthesized by the 
high temperature solid-state reaction as reported in the literature using CaCO3 (Merck) 
and Fe2O3 (Fisher) [20]. The well-mixed stoichiometric amounts of reactants are 
heated at 1000"C for 24 h followed by cooling, regrinding the product, re-heating at 
1100"C for 24 h and by cooling (3"C/min) to room temperature.  
Structural characterization of the compounds was done by powder X-ray 
diffraction (XRD) using a Siemens D5005 Diffractometer equipped with Cu-K, 
radiation. Morphology of the powder was examined by scanning electron microscopy 
(SEM) (JEOL JSM-6700F, Field Emission Electron Microscope). Composite 
electrodes of the active materials for electrochemical studies were made with the 
mixed oxide, Super P carbon and binder (Kynar 2801) in the weight ratio 65:15:20. A 
thick slurry of the respective mixtures was made using 1-methyl 2-pyrrolidone (NMP) 
as the solvent and coated on to a copper foil by the doctor blade technique [5].  Cell 
fabrication, galvanostatic cycling and cyclic voltammetry techniques are same as 
discussed in Chapters 2 and 3. Electrochemical impedance spectroscopy (EIS) was 
done using the Solartron Impedance/Gain-Phase Analyzer (SI 1260) coupled with a 
Battery Test Unit (1470). The measurements were performed at room temperature in 
the frequency range, 0.35 MHz to 3 mHz with an ac signal amplitude of 5 mV.  Data 
acquisition and analysis were done respectively using the electrochemical impedance 
software,  ZPlot and  Zview  (Version 2.2, Scribner Associates Inc., USA). 
5.4 Results and Discussion 
5.4.1  XRD 
The XRD patterns of the compounds, CaFe2O4, Li0.5Ca0.5(Fe1.5Sn0.5)O4 and 
NaFeSnO4 are shown in Figs. 5.1(a-c). The lattice parameters were determined by 
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least squares fitting of the 2+ and hkl values. The pattern of CaFe2O4 has been indexed 
as per the JCPDS database (file no. 32-0168) and the orthorhombic lattice parameters 
are: a= 9.219 (+0.007) Å, b=10.70 (+0.01) Å, c=3.015 (+0.003) Å. These were found 
to be in good agreement with the literature reports [17, 18]. The CaFe2O4 framework 
is built from the vertex sharing of double rutile-type units of FeO6 octahedra that form 
pesudo-triangular tunnels which are occupied by Ca2+ ions [17, 18].  



















































































































































Fig. 5.1 Powder X-ray diffraction (XRD) patterns for the compounds, (a) CaFe2O4,        
             (b) Li0.5Ca0.5 (Fe1.5Sn0.5)O4 and (c) NaFeSnO4. Miller indices (hkl) are shown.  
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This structure is known to have compositional flexibility and isostructural solid 
solutions are possible by replacing Fe by Sn with an accompanying substitution of Ca 
by Li with the formula, LiyCa1-(x+y)/2(SnxFe2-x)O4, 0&y&x and 0& x&0.6. Such solid 
solutions were found to have better electrical conductivity when x=y [18].  
The XRD pattern of the solid solution, Li0.5Ca0.5(Fe1.5Sn0.5)O4 (x=y=0.5) has 
been indexed and the lattice parameters: a=9.287 (+0.002) Å, b=10.88 (+0.01) Å, 
c=3.025 (+0.005) Å are in agreement with the reported values [17,18]. The NaFeSnO4 
is iso-structural to CaFe2O4 [21] and its orthorhombic lattice parameters (a=9.303 
(+0.006) Å, b=10.95 (+0.01) Å, c=3.067 (+0.002) Å) match well with the reported 
data in the JCPDS file  (no. 73-0425) except that b and c are now interchanged. No 
impurity phases were noticed in the XRD patterns of the above three compounds.  
The XRD patterns of the compounds Ca2Fe2O5 and Ca2Co2O5 are shown in 
Fig. 5.2(a,b). The Ca2Fe2O5 is known to have the brownmillerite structure, which is 
related to the perovskite structure with alternating layers of  corner  shared  octahedral  
(FeO6)   and  tetrahedral (FeO4) units [20]. The XRD patterns were indexed and the 
orthorhombic (space group, Pcmn) lattice parameters of the compound obtained by 
least squares fitting of the 2+ and hkl values are: a=5.58 (+ 0.01) Å, b=14.77 (+0.01) 
Å and c=5.43 (+0.01) Å. The close match of these values with the reported data [20] 
and to the JCPDS file (no. 71-2108) reveal the formation of the phase pure compound. 
The Ca2Co2O5 has a layer structure similar to that of Ca2Mn2O5 and has been indexed 
on the basis of an orthorhombic unit cell [19]. Recently it has been shown that the 
structures of Ca2Co2O5 and Ca3Co4O9 are related [22,23]. The latter has ordered 
oxygen vacancies in the structure in which two types of Co-O layers alternate in c-
axis direction. In one of the layers, CoO6 octahedra are edge-shared and in the other 
Ca, Co and O ions form triple rock salt layers [22]. The orthorhombic lattice 
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parameters for our Ca2Co2O5 are: a=10.91 (+0.02) Å, b=10.74 (+0.02) Å and c=8.00 
(+0.03) Å. These can be compared with the values, a= 11.12 Å, b =10.74 Å and c 
=7.48 Å reported for the compound [19].  We also note that the observed lattice 
parameters of Ca2Co2O5 and Ca2Fe2O5 are related: the conversion factor is 2, (1/%2) 



















































































































 Fig. 5.2  Powder X-ray diffraction (XRD) patterns for the compounds, (a) Ca2Fe2O5  
               and (b) Ca2Co2O5. CuK, radiation. Miller indices (hkl) are shown. 
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5.4.2    SEM  
The morphology of the compounds obtained by SEM are shown in Fig. 5.3 (a-
e). It can be seen that CaFe2O4 and Li0.5Ca0.5(Fe1.5Sn0.5)O4 have bigger (5-8#m size) 
 
                    (e)     
 
 
Fig. 5.3 SEM photographs of (a) CaFe2O4, (b) Li0.5Ca0.5(Fe1.5Sn0.5)O4, (c) NaFeSnO4    
             (d) Ca2Co2O5 and (e) Ca2Fe2O5. 
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plate like non uniform crystallites whereas NaFeSnO4  shows very fine and uniform 
crystallites with sizes, 200-400 nm. The lower synthesis-temperature of NaFeSnO4 
helped in obtaining fine particles. The Ca2Co2O5 shows well-defined two-dimensional 
layered platelet-type morphology while Ca2Fe2O5 shows irregular plate like particles 
with size varying from 2-JC#m.  
5.4.3 Electrochemical Studies of Compounds with CaFe2O4 Structure 
5.4.3.1  Galvanostatic cycling   
Electrochemical performance of the compounds was evaluated in the cell 
configuration with Li-metal as anode. For galvanostatic as well as for cyclic 
voltammetry, the first scan commenced cathodically from the open circuit voltage of 
the cell. For galvanostatic charge-discharge cycling, the cells were cycled at a current 
density of 10 mA/g for the first two cycles and thereafter at 60 mA/g in the voltage 
ranges 0.005-2.5 V or 0.005-3.0 V. Fig. 5.4a shows the voltage vs capacity profiles 
for the first-discharge and first-charge cycle (at 10 mA/g) for the compounds, 
CaFe2O4 and Li0.5Ca0.5(Fe1.5Sn0.5)O4.  Figs.5.4b and c are respectively their voltage 
profiles for different charge-discharge cycles (0.005-2.5 V; 5- 50 cycles, only select 
cycles are shown for clarity) at a current density of 60 mA/g. Fig. 5.5a represents the 
voltage vs capacity profile for the first- discharge and first-charge cycle (at 10 mA/g) 
for NaFeSnO4 in the voltage ranges 0.005-1.0 V and 0.005-3.0 V. Figs. 5.5b and c are 
the profiles at 60 mA/g (2nd cycle at 10 mA/g) for different charge-discharge (2-100) 
cycles for NaFeSnO4.  
The first discharge profiles (Figs.5.4a and 5.5a) for all the compounds show a 
plateau in the range, 1.0-0.5 V till a capacity of 600-800 mAh/g is reached. 
Thereafter, the voltage decreases gradually to 0.005 V. The first discharge  reaction in  
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Fig. 5.4  The voltage vs capacity profiles for CaFe2O4 and Li0.5Ca0.5(Fe1.5Sn0.5)O4. (a) 
First- discharge (OCV-0.005V) and-charge (0.005-2.5 V) curves at a current density 
of 10 mA/g. Profiles during 5-50 cycles at a current density of 60 mA/g and in the 
voltage range, 0.005-2.5 V: (b) CaFe2O4 and (c) Li0.5Ca0.5(Fe1.5Sn0.5)O4. Cycle 
numbers are indicated. 
 
 
the above metal oxides as cathode vs Li is the irreversible crystal-structure destruction 
leading to the formation of metal nano-particles embedded in an amorphous matrix of 
CaO and Li2O as [6,8-12,17,24-26]: 
CaFe23+O4 +6Li+ +6e-  (  CaO +2Fe + 3Li2O                                                         (5.1) 
Li0.5Ca0.5(Fe1.5Sn0.5)O4 +6.5 Li++6.5 e-(0.5 CaO +1.5 Fe + 0.5 Sn + 3.5 Li2O      (5.2) 
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NaFe3+Sn4+O4 +7 Li+ + 7 e-  ( 0.5 Na2O + Fe + Sn + 3.5 Li2O                              (5.3) 
 











































Fig. 5.5 The voltage vs capacity profiles for NaFeSnO4. (a) First-discharge (OCV-
0.005V) and-charge (0.005-1.0 V and 0.005- 3.0 V)  curves at a current density of 10 
mA/g. (b) Profiles during 2-100 cycles in the voltage window, 0.005-1.0 V at a 
current density of 60 mA/g (2nd cycle at 10 mA/g). (c) Profiles during 2-30 cycles in 
the voltage window, 0.005-3.0 V at a current density of 60 mA/g (2nd cycle at 10 
mA/g). Only select cycles are shown. Cycle numbers are indicated. 
 
In Li0.5Ca0.5(Fe1.5Sn0.5)O4  and NaFeSnO4, the reactions (5.2) and (5.3) are also 
accompanied by the alloy formation of  Sn with Li metal:  
Sn+4.4 Li+ + 4.4 e-! Li4.4Sn                                                                                    (5.4) 
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On subsequent charging, reverse of reaction of Eqn. (5.4) occurs in the low voltage 
region (<1.5 V) and in the high voltage range, the metal (Fe) particles are converted to 
the oxide together with the decomposition of Li2O which can be written as:  
Fe + Li2O  !  FeO  +  2 Li+ + 2 e-                                                                           (5.5) 
 This reversible displacement reaction, viz., the formation and decomposition 
of Li2O accompanied by the formation and oxidation of metal nano-particles together 
with the alloying de-alloying of Sn with Li gives rise to reversible capacity in the 
subsequent charge-discharge cycles. Thus, the cycling proceeds in a reversible three-
phase region between metal oxide, the metals (Fe, Sn and alloy Li4.4Sn) and Li2O. 
Calcium metal does not form during the first discharge due to the high Ca-O bond 
strength [5,26]. Although Li2O is known to be electrochemically inactive, when 
dealing with the nanosized metal particles, chemical and physical phenomena can be 
affected and the electrochemically-driven size confinement of the metal nano-
particles is believed to enhance their electrochemical activity towards the 
formation/decomposition of Li2O [8-10,12]. 
The similarities in the voltage profiles observed in CaFe2O4, 
Li0.5Ca0.5(Fe1.5Sn0.5)O4 and NaFeSnO4 during the first-discharge suggest that the 
processes of structure destruction (Eqns. (5.1)-(5.3)) and alloy formation (Eqn. (5.4)) 
are not clearly distinguishable. The plateau position corresponding to the first-
discharge is almost the same in Li0.5Ca0.5(Fe1.5Sn0.5)O4  and NaFeSnO4 (~0.85 V). 
This is slightly higher than the plateau voltage observed in CaFe2O4 (0.7V) possibly 
reflecting the effect of Sn substitution and the counter ions (Ca,Na) and its relative 
ratio present in the compounds. Similar observations were reported on 3d metal 
oxides [8,9,12,15,17] and on Sn-based compounds [6,24,25] for which the plateau 
position was found to be sensitive to the chemical composition of the matrix and the 
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crystal structure of the starting oxide even though the crystal structure is destroyed 
during the first discharge and the electrochemical process that takes place is the same.  
From the first-charge profiles (Fig.5.4a), it can be seen that the contribution to 
the capacity increases in Li0.5Ca0.5(Fe1.5Sn0.5)O4 (66 % of the first-discharge capacity) 
as compared to CaFe2O4 (43%) as can be expected due to the presence of Sn. The 
first- charge contribution of NaFeSnO4 is 75 % of the first-discharge capacity up to 
3.0 V whereas it is only 30 % up to 1.0 V upper cut-off voltage indicating that 
alloying-dealloying of Sn (Eqn. (5.4)) is responsible for the latter value (30%). We 
note that there exists a qualitative difference in the voltage profiles of 
Li0.5Ca0.5(Fe1.5Sn0.5)O4 and NaFeSnO4 during the subsequent charge-discharge cycles 
in  the voltage range 0.005-2.5 (or 3.0) V at 60mAh/g: The plateaus corresponding to 
reversible reactions of Eqns. (5.4) and (5.5) are clearly distinguishable for NaFeSnO4 
from the initial cycles (2-10; Fig.5.5c) while for Li0.5Ca0.5(Fe1.5Sn0.5)O4, the plateaus 
become clear only after the 20th cycle (Fig.5.4c).  
The observed first discharge/ charge capacity values, the corresponding 
number of Li atoms (ions +electrons) involved and the expected Li-atoms (calculated 
as per Eqns. (5.1-5.3) and (5.4)) are given in Table 5.1. The observed values 
corresponding to the first-discharge capacity are higher than the calculated values for 
all the compounds. For CaFe2O4, the difference is as high as 2.0 Li per formula unit, 
whereas for Li0.5Ca0.5(Fe1.5Sn0.5)O4 it is only 0.7 Li.  This may be explained partly on 
the basis of reversible formation of polymeric gel layer around metal nanoparticles as 
observed in 3d metal oxides [9] and also partly to the irreversible formation of solid 
electrolyte interphase [5]. Similar high values of the number of Li atoms consumed 
during the first-discharge have also been reported by Duncan and Nazar [17] in their 
preliminary studies on CaFe2O4 and Li0.3Ca0.7(Fe1.7Sn0.3)O4. The observed capacity 
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values (and the corresponding number of Li atoms) during the first-charge cycle are 
lower than the calculated values for CaFe2O4  (Table 5.1). This may be attributed to 
the insulating nature of the compound giving rise to poor charge transfer and therefore 
full utilization of the active material was not possible. The observed first-charge 
capacity for Sn-substituted ferrites, Li0.5Ca0.5(Fe1.5Sn0.5)O4 and NaFeSnO4 are higher 
than the calculated ones if we assume that de-alloying of Li4.4Sn and FeO formation  
(reactions of Eqns. (5.4) and (5.5)) are the only contributing factors. It is, however, 
possible that oxidation of Sn-metal particles with the simultaneous decomposition of 
Li2O matrix can occur on charging to higher voltages (*1.5 V vs Li) as: 
Li2O+Sn  !    2Li+ +2 e- +SnO                                                                             (5.6a) 
2Li2O+Sn  !    4Li+ +4 e- +SnO2                                                                         (5.6b) 
 If we also include the contribution of Eqn. (5.6a), then the observed and 
calculated first-charge capacities match very well for Li0.5Ca 0.5(Fe1.5Sn0.5)O4 (Table 
5.1). In the case of NaFeSnO4, however, we may also have to invoke a partial 
contribution to the capacity from Eqn (5.6b), in addition to Eqn. (5.6a), to explain the 
discrepancy between the observed and calculated first-charge capacities (Table 5.1). 
Such a reversible oxidation of Sn on charging to high voltages has been observed in 
SnO2 [4] and CaSnO3 [26]. The fact that higher capacity is observed by us only in the 
Sn-substituted CaFe2O4-type compounds consolidates the above arguments. 
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The charge-discharge capacity as a function of cycle number (3-50 cycles) for 
the compounds, CaFe2O4 and Li0.5Ca0.5(Fe1.5Sn0.5)O4 at 60 mA/g and 0.005-2.5 V (the 
first 2 cycles were performed at 10 mA/g) are shown in Fig 5.6a. The charge and 
discharge capacity values overlap in all cases indicating excellent coulombic 
efficiency at this fairly high current rate. It is clear from the cycling performance that 
Li0.5Ca0.5(Fe1.5Sn0.5)O4 is superior to CaFe2O4 in terms of the reversible capacity. The 
higher capacity values for the former are due to the participation of Sn in the alloying-
dealloying process (Eqn. (5.4)) in addition to the reversible Fe-FeO couple as per Eqn. 
(5.5). Moreover, the presence of two different electro-active host metals (Fe and Sn) 
and two separate reaction mechanisms (displacive and alloying) probably maintains 
the good electronic conductivity of the electrode.  A gradual capacity-fading between 
15-50 cycles is seen for both Li0.5Ca0.5(Fe1.5Sn0.5)O4 and CaFe2O4  when cycled in the 
voltage range, 0.005-2.5 V. For Li0.5Ca0.5(Fe1.5Sn0.5)O4, this may be attributed 
partially to the sensitivity of Sn-containing  compounds towards the operational 
voltage window for stable performance as observed for SnO2 and other Sn-based 
compounds [3-5,26]. However, on cycling the cells in the voltage range, 0.005-3.0 V, 
while Li0.5Ca0.5(Fe1.5Sn0.5)O4 still shows some capacity-fading,  CaFe2O4 shows 
excellent  capacity-retention up to 50 cycles (Fig. 5.6a). The group of Nazar [11,17] in 
their preliminary studies reported a first-charge capacity of 646 mAh/g for 
Li0.5Ca0.5(Fe1.5Sn0.5)O4 which falls to ~500 mAh/g at  the end of 25th cycle (at 50 
mA/g; 0.005-3.0 V). Our data on the same compound show a first- charge capacity of 
728 mAh/g (at 10 mA/g; 0.005-3.0 V). On increasing the current density to 60 mA/g, 
it showed 467 mAh/g at the fourth cycle retaining 405 mAh/g at the end of 50th cycle 
(Fig.5.6a).  
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Fig. 5.6 The charge-discharge capacities as a function of cycle number for the 
compounds (the first two cycles at 10 mA/g). (a) CaFe2O4 and Li0.5Ca0.5(Fe1.5Sn0.5)O4 
in the voltage windows, 0.005-2.5 V and 0.005-3.0 V.  Current densities and upper 
cut-off voltage are  shown. (b) NaFeSnO4  at 60 mA/g between 0.005-1.0 V (2-110 
cycles; the first two cycles at 10 mA/g are not shown) and in the range, 0.005-3.0 V  
(6-35 cycles; the first  5 cycles at 10 mA/g are not shown). Filled and open symbols 
are for discharge and charge cycles respectively. 
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Fig 5.6b shows the charge-discharge capacity as a function of cycle number 
for the compound, NaFeSnO4 at 60 mA/g between 0.005-1.0 V (2-110 cycles; the first 
2 cycles at 10 mA/g) and 0.005-3.0 V  (6-35 cycles; the 1-5 cycles at 10 mA/g). On 
cycling to 3.0 V (upper cut-off voltage), the cell shows a first-charge capacity of 960 
mAh/g which falls to 740 mAh/g at the fifth cycle (not shown in Fig.5.6b). For the 
subsequent cycles at a current density of  60 mA/g, a discharge capacity of 490 
mAh/g was observed at the 7th cycle, which drops to 275 mAh/g at the end of 35th 
cycle clearly indicating drastic capacity-fading. However, on cycling the cell to 1.0 V, 
a capacity in the range 310-340 mAh/g (at 60 mA/g) is fairly stable up to 110 cycles 
as can be seen from Fig. 5.6b. This corresponds to 3.3 (+0.2) moles of recyclable Li, 
as compared to the theoretical value of 4.4 Li.  
The higher capacity values observed for NaFeSnO4 on cycling to 3.0 V is 
understood by the fact that both reactions of Eqns. (5.4-5.6) contribute to the capacity. 
The capacity up to 1 V is contributed by the reversible reaction of Eqn. (5.4). For Sn-
based compounds it is known that the voltage window of operation is crucial for their 
cycling performance [3,6,24-26] as is the case presently observed for NaFeSnO4. The 
Na and Fe atoms seem to act as ‘spectators’ in the voltage range 0.005-1.0 V.     
The performance of the compounds, NaFeSnO4 and Li0.5Ca0.5(Fe1.5Sn0.5)O4 on 
cycling to an upper cut-off voltage of 3.0 V  are different (Fig. 5.6). The former shows 
drastic capacity fading while the latter has better cycling stability. It should be 
recalled that in both the compounds, the reversible capacity is contributed from Eqns. 
(5.4-5.6) up to 3.0 V cycling. However, as mentioned earlier, the voltage vs. capacity 
profiles for the compounds are qualitatively different for the first-charge and 
subsequent discharge-charge cycles: NaFeSnO4 giving a clear two-plateau behavior 
whereas Li0.5Ca0.5(Fe1.5Sn0.5)O4 gives an almost continuous profile (Figs. 5.4 and 5.5).  
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This could be due to the fact that the Sn to Fe ratio in the former is 1:1 and in the 
latter it is 1:3. This makes the Sn in Li0.5Ca0.5(Fe1.5Sn0.5)O4 more dispersed in the 
reduced matrix, whereby a clear identification of the processes corresponding to Eqns. 
(5.4) and (5.5 and 5.6) become difficult. Whereas for NaFeSnO4 the higher Sn content 
can provide Sn-metal rich regions which make both the processes of Eqns. (5.4-5.6) 
clearly distinguishable and hence more efficient oxidation of Sn (Eqn. (5.6)) becomes 
plausible. The fact that the difference in the observed and the calculated (as per Eqns. 
(5.4), (5.5) and (5.6a)) capacity values is more for NaFeSnO4  (corresponds to 1 Li) as 
compared to a close agreement for Li0.5Ca0.5(Fe1.5Sn0.5)O4  support the above 
argument (Table 5.1). Further, the reversible oxidation of Sn (Eqns. (5.6a and b)) is 
known to deteriorate the cycling performance in Sn containing compounds as seen in 
the present case. The difference in performance for the above two compounds could 
also be due to the counter ion present in the matrix. Similar influences of the crystal 
structure of the starting compounds and the counter ions (spectator atoms) on the 
electrochemical performance have been reported for Fe- [15] and Sn- [3,6]  based 
compounds even though the structure is destroyed during the first discharge reaction. 
The CaO matrix present in Li0.5Ca0.5(Fe1.5Sn0.5)O4 may be helping to give a good 
cycling performance (0.005-3.0 V) similar to that observed by us  in nano-crystalline 
CaSnO3 [5,26].  
The better cycling performance observed in Li0.5Ca0.5(Fe1.5Sn0.5)O4 on cycling 
to 3.0 V rather than up to 2.5 V, could also be due to reversible 
formation/decomposition of a polymeric gel-type surface film around the Fe-metal 
nanoparticles as proposed by the group of Tarascon  [8,9,14]. Such a film formation 
can give stability to the electrode and its reversibility can also contribute to the total 
capacity. Also, there might exist a threshold electrode potential beyond which the 
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captured metal ionic species will be released thereby accounting for the dissolution of 
the gel-type layer at higher-applied potentials. Thus, at the end of first-discharge the 
electrode comprises Fe-metal and Li4.4Sn nano-particles embedded in a matrix of 
Li2O and CaO surrounded by an inorganic solid electrolyte interphase (SEI) layer 
with an electrochemically-active polymer film on the outer surface. Such a coating 
ensures mechanical cohesion between the electrochemically formed nano-grains 
without being hindrance from the electronic conductivity point of view, and helpful in 
maintaining the cyclability. The Ca-ions must also be playing a beneficial role here 
since in the case of NaFeSnO4, on cycling to 3.0V cut-off, a drastic capacity-fading 
was observed (Fig.5.6b). In this case, the counter ion matrix (Li/ Na-O) may facilitate 
the formation of a destructive and resistive surface film hindering the charge transfer 
process leading to capacity-fading as observed.  
5.4.3.2    Cyclic voltammetry of compounds with CaFe2O4 structure   
The cyclic voltammograms (CV) of Li0.5Ca0.5(Fe1.5Sn0.5)O4  and CaFe2O4 in 
the voltage window (0.005-3.0 V) up to10 cycles are shown in Figs. 5.7 a and b. Figs. 
5.8a and b show the CV of NaFeSnO4 in the voltage range, 0.005-3.0 and 0.005-1.0 V 
respectively. Li metal was used as counter and reference electrode and the scan rate 
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Fig. 5.7 Cyclic voltammograms (1-10 cycles) of (a) CaFe2O4 and (b) Li0.5Ca0.5 
(Fe1.5Sn0.5)O4  vs Li at a scan rate of 0.058 mV/sec and in the voltage window, 0.005-
3.0 V. Only select cycles are shown. Cycle numbers are indicated.  
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Fig. 5.8 Cyclic voltammograms of NaFeSnO4 vs Li at a scan rate of 0.058 mV/s. (a) 
1-15 cycles in the voltage window, 0.005-3.0 V. (b) 1-25 cycles between 0.005-1.0 V. 
Only select cycles are shown. Cycle numbers are indicated.  
 
The first-discharge profile, commencing from the open circuit voltage for all 
the compounds shows large decrease in the $Q (current×time) values below 1.0 V. 
The profile for CaFe2O4 does not show any sharp cathodic peaks corresponding to the 
decomposition reaction, rather the $Q value decreases sharply up to the lower cut off-
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voltage limit, 0.005 V. The second-discharge profile of CaFe2O4 shows a cathodic 
peak at around 0.63 V which shifts to lower voltages during the subsequent cycles 
with decreased intensity. The first- and second-charge profiles show a well-defined 
peak at around 1.4 V which gradually shifts to around 1.7 V during the 5-10 cycles 
without much change in the peak area (Fig. 5.7a). The participation of nano-size Fe-
metal particles is obviously reflected in these charge-discharge cycles as the 
respective anodic/cathodic peaks. The first cycle CV profile of Li0.5Ca 0.5(Fe1.5Sn0.5)O4 
shows a well-defined  cathodic peak at around 0.3 V with a shoulder at 0.62 V 
whereas the anodic peak occurs at around 1.6 V in addition to a broad peak centered 
at 0.9 V. We can assign the cathodic peaks below 1.0 V to the formation of Sn and Fe 
metal particles and alloy (Li4.4Sn) formation. The anodic peak at 0.9 V is due to the 
de-alloying of Li4.4Sn, whereas the one at 1.6 V is due to the participation of Fe-FeO 
couple similar to CaFe2O4. The second-cycle cathodic peaks occur at 0.75 and 0.9 V, 
which merge in to one peak followed by a decrease in peak-intensity during the 5-10 
cycles (Fig. 5.7b). During the 5-10 cycles, the anodic peak at 0.9 V is suppressed and 
the second peak gradually shifts from 1.6 V to 1.8 V and decreases in intensity. This 
most likely reflects the increasing cell-impedance and indicates capacity-fading in the 
material on cycling which in fact was also seen in the galvanostatic cycling (Fig. 
5.6a).  
The CV of NaFeSnO4 has been recorded in two voltage ranges to clearly 
delineate the Sn and Fe contributions to the charge-discharge processes. When 
scanned in the range, 0.005-3.0 V, the first-cathodic (discharge) peak is broad 
extending from 0.15 to 0.84 V, corresponding to the destruction of crystal structure 
and formation of Sn-metal, its alloy (Li4.4Sn) and Fe-metal particles. NaFeSnO4 
shows two distinct peaks in the anodic scan, one at 0.55 V assigned for de-alloying of 
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Li4.4Sn (reverse reaction of Eqn.(5.4)) and the second one at ~1.76 V (Fig. 5.8a). The 
latter peak whose intensity decreases with cycling, can be assigned to the oxidation of 
both Fe and Sn (reactions of Eqns. (5.5) and (5.6)) as described earlier. During 
cycling (2-15 cycles shown in Fig.5.8), the 0.55V peak position and its intensity 
remain unaffected whereas the 1.7 V peak shifts to higher voltages and its intensity 
decreases. The CV of NaFeSnO4, up to 1.0 V cut-off voltage, where only reaction of 
Eqn. (5.4) is taking place, shows overlapped anodic peaks from 5-25 cycles, showing 
the very good cyclability and thus stability of the compound, as was clearly seen in 
the capacity data of Fig. 5.6b. Thus the CV profiles of the three compounds 
corroborate the galvanostatic cycling data. 
5.4.4     Electrochemical Studies on Ca2Fe2O5 and Ca2Co2O5 
5.4.4.1   Galvanostatic cycling  
 The electrochemical cycling conditions for Ca2Fe2O5 and Ca2Co2O5 are 
analogous to the aforementioned CaFe2O4-type compounds. In the galvanostatic 
mode, the cells were cycled at a current density of 10 mA/g for the first two cycles 
and thereafter at 60 mA/g (or 30 mA/g) in the voltage ranges, 0.005-2.5 V and 0.005-
3.0 V. Fig. 5.9a shows the voltage vs capacity profiles for the first-discharge and-
charge cycle (at 10 mA/g) for the compounds and Figs.5.9 b and c show the profiles at 
different charge-discharge cycles in the voltage window, 0.005-3.0 V at a current 
density of 60 mA/g (5- 50 cycles, only select cycles are shown for clarity). The 
voltage profiles for the first-discharge for both the compounds are qualitatively 
similar with a plateau around 1.0 V for Ca2Co2O5 and 0.5 V for Ca2Fe2O5 till a 
capacity of 550 mAh/g is reached and thereafter the voltage decreases gradually to 
0.005 V, suggesting a similar electrochemical process in both of them (Fig.5.9a). As 
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Fig. 5.9 The voltage vs capacity profiles for Ca2Fe2O5 and Ca2Co2O5 in the voltage 
range, 0.005-3.0 V. (a) First-discharge and-charge curves at a current density of 10 
mA/g. Profiles during 5-50 cycles at a current density of 60 mA/g for (b) Ca2Co2O5 
and (c) Ca2Fe2O5. Cycle numbers are indicated. 
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discussed in the case of CaFe2O4 class of compounds, the difference in the plateau 
voltage observed for Ca2Fe2O5 and Ca2Co2O5 may be due to the differences in the 
crystal structure and the nature of the metal ion involved in electrochemical reaction. 
[5,6,8,9,10,12,15,24]. The profile for Ca2Fe2O5 also shows a small plateau at ~0.75V 
(Fig. 5.9a) and this may be attributed to the characteristic passivating layer formation 
on carbon, which is used as conducting additive to form the composite electrode 
[5,26]. For Ca2Co2O5, this shoulder is merging with the plateau potential 
corresponding to the decomposition process and thus is not distinctly visible. 
The first-discharge reaction for the compounds involves the irreversible 
crystal structure destruction leading to the formation of metal nano-particles 
embedded in an amorphous matrix of CaO and Li2O as [8-10,12,13]: 
Ca2M23+O5 + 6 Li+ + 6 e- ( 2 CaO + 2 M0 + 3 Li2O  (M=Fe, Co)              (5.7) 
On subsequent charging, these metal particles are converted to their oxides together 
with the decomposition of Li2O which can be written as:  
            M0 + Li2O  !  M2+O  +  2 Li+ + 2 e-   (M =Fe or Co)                                 (5.8) 
This reversible displacement reaction, viz., the formation and decomposition of Li2O 
accompanied by the reduction and oxidation of metal nano-particles gives rise to 
reversible capacity in the subsequent charge-discharge cycles. Depending on the 
applied voltage, this is a three-phase reaction between metal oxide, the reduced metal 
and Li2O.  
The observed first-discharge capacity for Ca2Co2O5 is 809 mAh/g (8.4 moles 
of Li per formula unit) and for Ca2Fe2O5 it is 722 mAh/g (7.3 Li). The corresponding 
first-charge capacities are 405 mAh/g (4.2 Li) and 232 mAh/g (2.4 Li) respectively 
for the compounds Ca2Co2O5 and Ca2Fe2O5 (Fig.5.9a, Table 5.1). Thus, the 
irreversible component of capacities are 50 % for Ca2Co2O5 and 68 % for Ca2Fe2O5. 
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The observed values of the first-discharge capacities are higher than the theoretically 
expected values (Eqn. (5.7)): 578 mAh/g (6.0 Li) for Ca2Co2O5 and 592 (6.0 Li) for 
Ca2Fe2O5. The discrepancy in the first-discharge capacity values may be explained on 
the basis of the formation of polymeric gel type surface film around metal nano-
particles, similar to that observed in 3d metal oxides [9]. The excess capacity 
contribution can also be partly due to the irreversible formation of solid electrolyte 
interphase (SEI) [5]. Formation of Ca-metal is ruled out due to the high bond strength 
of CaO [5,26]. The first-charge capacity for Ca2Fe2O5 is lower than the expected value 
of 394 mAh/g (4.0 Li) in contrast to Ca2Co2O5, which is slightly higher than the 
theoretical value of 386 mAh/g (4.0 Li). 
The voltage-capacity profiles for the second- and subsequent discharge cycles 
(Figs. 5.9b and c; 5-50 cycles) for the compounds, Ca2Co2O5 and Ca2Fe2O5 differ 
from their profiles of the first discharge cycle. Whereas, the profiles of the 1st and 
subsequent charge cycles overlap fairly well. This indicates that the electrochemical 
process occurring during the first-discharge cycle is different from the subsequent 
discharge-cycles as commonly observed for oxide materials [4-12]. Ca2Co2O5 shows 
almost superposed profiles up to 50 cycles indicating minimal capacity-fading and 
good reversibility (Fig. 5.9b). Ca2Fe2O5 shows an increase in the capacity values 
during initial cycles (5-15 cycles) and thereafter shows a gradual capacity-fading up 
to 50 cycles along with slight changes in its voltage profiles showing increased 
electrode polarization on cycling. The increase in capacity for Ca2Fe2O5 during the 
initial cycles may be due to the incomplete destruction of the crystalline matrix during 
the first- discharge, and its completion in the subsequent 5-15 cycles similar to that 
observed in other oxide anode, CaSnO3 [5]. The electrode polarization and capacity-
fading seem to be inherent to Ca2Fe2O5.  
                                                                                                                                     190
 
Fig. 5.10 shows the capacity values for the compounds as a function of cycle 
number (3-50 cycles; first 2 cycles were performed at 10 mA/g) at 60 mA/g (or 30 
mA/g) in the voltage ranges, 0.005-2.5 and 0.005-3.0 V. As can be seen, the charge 
and discharge capacity values overlap in all cases indicating excellent coulombic 
efficiency (*98 %). On cycling at a current density of 30 mAh/g in the range 0.005-
2.5 V, Ca2Co2O5 shows a 4th cycle charge-capacity of 260 mAh/g, which falls to 194 
mAh/g at the end of 22nd cycle.  However, on increasing the upper cut-off voltage to 
3.0 V, Ca2Co2O5 gave much higher reversible capacity (2nd cycle charge capacity at 
10 mA/g: 0.005-2.5 V, 354 mAh/g; 0.005-3.0 V, 420 mAh/g). It also shows excellent 
capacity-retention up to 50 cycles even at the high current density of 60 mA/g i.e., a 
capacity of  365 mAh/g at the 4th cycle remains 365-380 mAh/g up to the 50th cycle 
(Fig. 5.10a). This corresponds to 3.9 + 0.1 recyclable moles of Li and compares 
excellently with the theoretical value of  4.0 moles of Li as per Eqn. (5.8). The current 
density of 60 mA/g corresponds to 0.16 C rate (1C=380 mA/g). 
The compound Ca2Fe2O5 on the other hand, gives a charge capacity of 187 
mAh/g for the 4th cycle which gradually increases to 226 mAh/g at the 14th cycle and 
thereafter slowly decreases to 183 mAh/g at the end of 50th cycle in the voltage range, 
0.005-2.5 V and at 60 mA/g. Contrary to the behavior of Ca2Co2O5, on increasing the 
voltage limit to 0.005-3.0 V, Ca2Fe2O5 does not show any significant improvement in 
its reversible capacity or its retention on cycling (Fig.5.10b). The initial increase in 
capacity with cycle number (5-15 cycles) observed for Ca2Fe2O5 is possibly due to the 
incomplete reduction of the crystalline matrix during the first-discharge cycle and its 
completion in the subsequent cycles. The reason for this could be the poor electronic 
conductivity of the matrix in addition to the intrinsic nature of Fe-oxide. 
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Fig. 5.10  The galvanostatic charge-discharge capacities as a function of cycle number 
for the compounds. (a) Ca2Co2O5 and (b) Ca2Fe2O5. Current densities and voltage 
windows are indicated. The first two cycles were done at 10 mA/g.  Filled and open 
symbols represent discharge- and charge-capacities respectively. 
 
In fact, the compound on cycling at a lower current rate (30 mA/g; 0.005-2.5 V) 
shows higher reversible capacity (Fig. 5.10b) which consolidates this argument.  
Thus, it is clear from the cycling data that Ca2Co2O5 is superior to Ca2Fe2O5 in terms 
of the reversible capacity and its retention over charge-discharge cycling. This is the 
first time that the electrochemical performance of Co-containing mixed oxide is 
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reported. There are reports on binary Co and mixed Fe-oxides as prospective anodes 
for LIB.  
The significant improvement in cycling performance observed for Ca2Co2O5 
on cycling up to an upper cut-off voltage of 3.0 V as compared to that up to 2.5 V is 
unique and worth investigating further. Similar observation of higher capacity and 
stable cycling performance was made in CoO by Laruelle et al. [9] and in 
Li0.5Ca0.5(Fe1.5Sn0.5)O4 by us as described earlier (section 5.4.3.1) and the group of 
Nazar [11,17]. The origin of extra capacity and better cycling performance observed 
in CoO was ascribed to the in-situ formation of electro-active conducting-type 
(electronic) polymeric gel layer around the reactive pristine metal nano particles upon 
electrochemical reduction to voltage < 0.7 V which fully dissolves once the charging-
voltage is > 2.0 V [8,9]. The formation of such interface layer on the active material 
of the electrode during charge-discharge cycling is established by a variety of physical 
and electro analytical techniques [9,27-29]. According to Aurbach [27] the 
nanoparticles have the ability to form viscoelastic products comprising the physically 
adsorbed solvent molecules/species. Alkyl carbonates are the common products 
resulting from the electrolyte reduction and it is known that chemically formed Li-
alkyl carbonate solutions are jelly-like. Thus, the origin of polymeric gel-like film 
could be the consequence of catalytically- enhanced electrolyte degradation leading to 
alkyl carbonate species that, once formed in the vicinity of naocomposite electrode, 
will be trapped/captured at the electrode surface due to the high reducing potential. 
Also, there might exist a threshold electrode potential beyond which the captured 
species will be released, accounting for the dissolution of the polymeric layer at high 
potentials as was shown in the case of CoO [9, 28]. Based on the above arguments, in 
the present case we suggest that at the end of first discharge, the electrode comprises 
                                                                                                                                     193
 
Co-metal nano-particles embedded in a matrix of Li2O and CaO surrounded by an 
inorganic solid electrolyte interphase (SEI) layer with an electrochemically-active 
polymer veil on the outer surface. Such a coating ensures mechanical cohesion 
between the electrochemically-formed nano-grains without hindering electrical 
contact and thus is helpful in maintaining the good cyclability.  
5.4.4.2   Impedance spectroscopy of Ca2Co2O5 
Electrochemical impedance spectroscopy (EIS) is proven to be helpful in 
differentiating the surface film formation and electrode kinetics of the electrode 
materials [27-34]. To investigate the formation and reversibility of surface film on the 
compound Ca2Co2O5 on electrochemical cycling, EIS studies were carried out on the 
cell during charge-discharge cycling. Fig. 5.11 shows the Nyquist plots (ZD vs ZE) for 
the cell during the first-discharge cycle. The freshly fabricated cell was aged for 24 h 
before impedance measurement. It was then discharged (reaction with Li) by applying 
a constant current  (~10 mA/g) to a known amount of Li consumed, followed by 
keeping the cell in open circuit voltage (OCV) condition for 3 h. The impedance 
response was then measured in the OCV condition. The sequence was repeated till the 
cell voltage reached 0.005 V. The impedance response of the fresh cell shows one 
semicircle at the higher-frequency side (0.35 MHz-10 Hz) and an almost vertical 
spike in the low-frequency side (& 1 Hz) resembling a blocking capacitive-type 
nature. The low-frequency region of the impedance appeared as scattered points in the 
partially- as well as fully-discharged cells (Fig. 5.11). The fresh cell (voltage 2.90 V; 
and 0.0 mol. of Li) shows an impedance (value of the x-axis intercept with the 
semicircle) of 230 ohms and the value increases to 353 ohms after 0.68 moles of Li 
are consumed (1.20 V) by the compound. 
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Fig. 5.11 Family of Nyquist plots for Ca2Co2O5 at different voltages (under OCV 
conditions after 3 h stand) during the first-discharge operation from OCV to 0.005 V 
(vs Li). Cell voltages (OCV) and corresponding Li-contents (mol.) are shown. Select 
frequencies are shown. 
 
On further discharging, the impedance value gradually decreases to 179 ohms 
at 6.61 Li (0.464 V) and then shows an increase to 222 ohms at 8.14 Li (OCV=0.086 
V; discharged to 0.005 V). The change in cell impedance during the first discharge 
process can be understood from the reaction mechanism of the electrode, and the 
structure destruction as shown by Eqn. (5.7).  The initial increase in cell impedance 
on consumption of 0.68 mol. of Li can be explained as due to the formation of 
insulating CaO and Li2O matrix (Eqn. 5.7). On further reaction with Li, more and 
more metallic Co nano-particles are being formed thus bringing down the cell 
impedance. However, the increase in impedance on discharging the cell to 0.005 V 
                                                                                                                                     195
 
(OCV=0.086V; 8.14 mol. Li; Fig. 5.11) could be due to the formation of the 
polymeric gel-type film on the surface of the metallic particles as discussed earlier.  
To investigate the reversible formation/decomposition of the surface film 
during charge-discharge cycling, EIS measurements were carried out on the cycled 
cell during charge and discharge sequences as a function of cell voltage. Prior to the 
impedance measurements, the cell was subjected to 20 discharge-charge cycles at 60 
mA/g in the range, 0.005-3.0 V. The cell was then discharged to 0.005 V at 10 mA/g 
followed by keeping it under open circuit stand for 3 h. The impedance was then 
measured under OCV condition. After this, the cell was charged by subjecting to a 
constant current flux (~50 mA/g) for a known value of Li-content in the compound. 
The impedance measurements were then performed after allowing a 3 h open-circuit 
stand for the cell. The whole sequence was then repeated till the upper cut-off voltage 
of 3.0 V was reached. The data (Nyquist plots) obtained at different cell voltages 
(various mol. of Li) are shown in Fig. 5.12.  
In contrast to a single semicircle in the high-frequency region observed during 
the first-discharge cycle (Fig. 5.11), the cycled electrode shows two overlapped 
semicircles at the high-frequency side (0.35 MHz-10 Hz), the impedance value of one 
of which at the higher frequency side (0.35 MHz-10 kHz) does not change much with 
the cell voltage. The structure destruction during the first discharge process would 
have changed the electrode particle morphology. Further, the efficient electrolyte 
penetration into the composite electrode (active material + matrix + conducting 
carbon + binder) and the surface film/ solid electrolyte interface (SEI) formation on 
the active material by repeated cycling results in a change in the time constants 
associated with different impedance contributions. This makes the two semi-circles in 
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the high frequency range (composite nature of the electrode: 0.35 MHz-10 kHz; 
surface film contribution: 10 kHz-10 Hz) nearly distinguishable. 





















































































 Fig. 5.12 Family of Nyquist plots for Ca2Co2O5 at different voltages (under OCV 
conditions). (a) 21st  charge-cycle in the voltage range, 0.005-3.0 V. (b) At select 
voltages at the end of charging operation to show the development of low-frequency 
semicircle. (c) During the subsequent discharge operation. Select frequencies are 
shown. 
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Similar to that seen during the first-discharge cycle, the fully discharged cell 
(at the end of 20th cycle) shows high impedance (~150 ohms) followed by a small 
slope in lower frequency side (& 1 Hz). On starting the charging (Li-removal), a 
drastic drop in the cell impedance was observed (Fig.5.12a), to ~ 45 ohms after 0.5 Li 
removal (0.59 V) followed by a gradual decrease on further Li removal.  The shape of 
the impedance response also changes; the nearly scattered points at the very-low 
frequency side for the discharged cell have now developed into a well-defined 
Warburg- type straight-line region (Fig.5.12a; 0.59-1.44 V). On further charging 
(*1.44 V), the cell impedance gets reduced and a third semicircle starts appearing in 
the low frequency (& 10 Hz) side (Fig.5.12a and b), the impedance value of which is 
very large at the beginning (1.87 V; Fig.5.12b). As the cell approaches full charge (up 
to 3.0 V), the resistance associated with this third semicircle becomes smaller and the 
Warburg region reappears as can be seen from Fig.5.12b (2.15 and 2.55 V). The 
appearance of the third semicircle in Figs. 5.12a and b can be associated with the 
charge-transfer process at the electrode-SEI interface and can be explained on the 
basis of the reversible polymeric surface film formation on the Co-metal nano-
particles as suggested earlier (section 5.4.4.1).  
The cell discharged to a very low voltage (< 0.09 V) is susceptible to the 
polymeric surface film formation on the electrode and could show a high impedance 
(Fig. 5.12a). At this condition, the surface-film resistance is dominating and hence the 
impedance response is characteristic to it which masks the charge transfer process. On 
increasing the cell voltage, this surface film gradually disintegrates resulting in a  low 
cell impedance and the Li-ion diffusion process becomes dominating (0.59-1.44 V). 
On reaching the cell voltage to a critical value, the near-destruction of the polymeric 
surface film makes the charge-transfer process at the interface to dominate (1.87-2.55 
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V). This is reflected in the development of the third semicircle in the impedance 
response. The high value of charge transfer resistance seen at a cell voltage of 1.87 V 
gets reduced very much in the fully charged state (2.55 V) (Figs. 5.12a and b). Thus, 
the impedance response of the cell can be realized as two overlapped semicircles at 
the high-frequency (0.35 MHz-10Hz) side: the one on the higher frequency side (0.35 
MHz-10 kHz) arising due to the composite nature of the electrode and the one at the 
medium frequency side (10 kHz-10 Hz) as contributed from the surface film and the 
low frequency (10 Hz-50 mHz; Fig.5.12b; 2.15 and 2.55 V) semicircle arising from 
the charge-transfer process and finally a Warburg region at very low frequency side (& 
1 Hz for 0.59-1.44 V and & 50 mHz for 2.15 and 2.55 V) due to Li+ ion migration in 
to the active material of the electrode.  
The impedance measurements done on the cell for the subsequent discharge-
cycle (i.e., 21st) at different cell voltages are shown in Fig. 5.12c. The almost identical 
semicircles and the impedance values (~150 ohms) at voltage, 0.09V in Figs.5.12a 
and c indicate the reversible formation of the polymeric surface film. This film is 
destroyed at charging voltages *2.1-2.5V and enables the Co-metal nano-particles to 
fully participate in the displacement reaction, given in Eqn. 5.8. Thus, it is necessary 
to increase the upper cut-off voltage to 3.0V to achieve near-theoretical and reversible 
capacity with very good coulombic efficiency in the galvanostatic mode, as is evident 
from Fig.5.10a. On the other hand, reducing the upper cut-off voltage to 2.5V will not 
destroy the polymeric surface film which will lead to increased charge-transfer 
resistance, thereby affecting the Li-ion kinetics and hence capacity-fading as is 
observed in Fig.5.10a. Thus, the impedance studies support and explain the 
galvanostatic cycling data. 
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5.4.4.3   Cyclic voltammetry of Ca2Fe2O5 and Ca2Co2O5 
 The cyclic voltammograms (CV) of Ca2Co2O5 in the voltage range, 0.005-2.5 
and 0.005-3.0 V up to 15 cycles and for Ca2Fe2O5 up to 10 cycles are shown in Figs. 
5.13a, b and c respectively. Li metal was used as the counter and reference electrode 
and the scan rate was 0.058 mV/s. In all cases, the first sweep was done cathodically 
(reaction with Li) from the OCV. The first-discharge profile for Ca2Co2O5 shows a 
prominent peak around 0.68 V characteristic to the crystal structure destruction and 
reduction of the Co3+ ion in the lattice [4-8,10,11,12]. Even though it is well accepted 
that the first-discharge process of the oxide electrode comprises the structural 
destruction, only select compounds show the feature as a well-defined peak in the CV 
profile. Those which give well-defined peak in the CV are: Sn-oxides [4,6] and 
Fe,Co-oxides [9,15]. The compounds which do not show the features of structural 
destruction  as  a  peak  in  CV are:  nano-crystalline  CaSnO3 [5], and  Fe-oxides  like 
CaFe2O4. The reason why only some compounds show the peak could be due to the 
crystal structure, oxygen coordination number of active ion, particle size, counter ions 
in the starting compound and the electronic conductivity of the dissociating matrix. 
 The subsequent charge and discharge cycles in Ca2Co2O5 are identical with 
the oxidation peak at ~1.95 V and the reduction peak at ~0.8 V. It can be seen from 
Figs. 5.13b that a broad anodic peak at 2.6 V appears on cycling in the range, 0.005-
3.0 V. The cathodic and anodic peaks positions almost overlap on repeated cycling up 
to 3.0 V and their intensities show a minor decrease with cycling. This indicates good 
reversibility of the electrode. On restricting the upper cut-off voltage of cycling to 2.5 
V (to exclude the minor process at 2.6 V), the cathodic as well as anodic peak 
positions are seen to move to a slightly higher voltage side showing increased 
electrode polarization and a significant decrease in the peak intensity with cycling, an  
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Fig. 5.13  Cyclic voltammograms of (a) Ca2Co2O5 in the voltage window, 0.005-2.5 
V, (b) Ca2Co2O5  in the voltage window 0.005-3.0 V, and (c) Ca2Fe2O5 in the voltage 
window, 0.005-2.5 V. Li-metal was used as the counter and reference electrode and 
the scan rate was 0.058 mV/sec. Cycle numbers are shown. 
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indication of capacity-fading (Fig.5.13a). This increased polarization is due to the 
increased cell impedance. This difference in CV profiles corroborate the galvanostatic 
cycling data on Ca2Co2O5: higher reversible capacity and stable cycling performance 
on cycling to 3.0 V whereas a lower reversible capacity and significant capacity-
fading on cycling to 2.5 V and thus clearly shows the involvement of reversible 
surface-film formation/destruction for such a difference. The incomplete destruction 
of surface-film when cycled up to 2.5 V will impart higher cell impedance and 
cycling deterioration as seen from Figs. 5.10a, and 5.13a and corroborates the 
conclusion drawn from the impedance spectra.  
The first-discharge profile for Ca2Fe2O5 does not show any sharp cathodic 
peak, corresponding to the decomposition reaction and $Q declines sharply below 1.0 
V up to the lower cut-off voltage limit, 0.005 V (Fig.5.13c). The subsequent charge 
and discharge curves show the respective oxidation and reduction peaks at ~1.5 V and 
0.6 V. Well-defined peaks are not seen in the initial cycles probably due to the 
electrically-insulating nature of the compound. The gradual increase in peak intensity 
on cycling indicates incomplete structural destruction at the first-discharge cycle 
going to completion in the subsequent cycles. The anodic peak broadens and the 
average voltage slightly increases during the 5-10 cycles. This indicates increasing 
polarization and thus the CV results corroborate the charge-discharge cycling 
performance of Ca2Fe2O5.   
5.5 Conclusions 
Pure and Sn-substituted isostructural ferrites (CaFe2O4, Li0.5Ca0.5(Fe1.5Sn0.5)O4  
and NaFeSnO4) and the compounds Ca2Fe2O5 and Ca2Co2O5 (with the brownmillerite 
and related structure respectively) were synthesized, characterized by X-ray 
diffraction, SEM and studied as cathodes vs Li metal by galvanostatic method and 
                                                                                                                                     202
 
cyclic voltammetry.  CaFe2O4 showed capacity values ranging from 200-230 mAh/g 
up to the 15th cycle at 60 mA/g and in the range, 0.005-2.5 V vs Li metal. At the end 
of 50 cycles, capacity drops to 160 mAh/g indicating some capacity-fading. The 
achievable capacity values can be enhanced in the compound, Li0.5Ca0.5(Fe1.5Sn0.5)O4  
(450 mAh/g at the 15th cycle falling to 405 mAh/g at the end of 50 cycles; at 60 
mA/g) but at a higher cut-off voltage (0.005-3.0 V). This higher charging voltage does 
not show much improvement in charge-discharge capacities but appears to be crucial 
in reducing the capacity-fading in CaFe2O4 and Li0.5Ca0.5(Fe1.5Sn0.5)O4. The 
compound, NaFeSnO4 shows drastic capacity fading on cycling to 3.0 V whereas a 
very good cycling performance (310-340 mAh/g stable up to 110 cycles at 60 mA/g) 
is shown between 0.005-1.0 V. Pure and Sn-substituted ferrites shows qualitative 
difference in their CV profiles during their first reduction cycle and the profiles on 
repeated cycling are complementary to the galvanostatic cycling data. Comparing the 
performance of NaFeSnO4 and Li0.5Ca0.5(Fe1.5Sn0.5)O4 on cycling in the range 0.005-
3.0 V, it is clear that Ca plays a beneficial role in reducing the capacity-fading. From 
the observed electrochemical behavior the reaction mechanism in these compounds 
can be explained as: Structural destruction with the formation of nano-particles of Fe 
(and Sn and Li-Sn alloy formation in Sn-containing compounds) during the first 
discharge and the reversible capacities in the subsequent cycles are contributed from 
the displacement reaction of these metal particles with Li2O and Li-Sn dealloying/ 
alloying reaction.  Our results on CaFe2O4 and Li0.5Ca0.5(Fe1.5Sn0.5)O4 are in broad 
agreement with the preliminary results reported by the group of Nazar. The reversible 
capacities for the present Sn-containing compounds compare very well with that 
shown by graphite in their average potential range of operation, ~0.5 V for NaFeSnO4 
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and ~1.5 V for Li0.5Ca0.5(Fe1.5Sn0.5)O4 and thus place them as prospective anodes for 
Li-ion batteries. 
The compound, Ca2Fe2O5 showed a reversible capacity of 226 mAh/g at the 
14th cycle at 60 mA/g in the voltage range, 0.005-2.5 V. At the end of 50 cycles, 
capacity attains 180 mAh/g indicating some capacity-fading. The mixed cobalt oxide, 
Ca2Co2O5 showed superior characteristics compared to Ca2Fe2O5 in terms of 
achievable capacity and capacity-retention: A reversible capacity of 365-380 mAh/g 
remaining stable in the range, 4-50 cycles without any deterioration (at 60 mA/g and 
0.005-3.0 V vs Li). This corresponds to ~ 3.9 + 0.1 moles of cyclable Li (theoretical= 
4.0). Increasing the charging voltage from 2.5 to 3.0 V helps in increasing the 
capacity and appears to be crucial in suppressing capacity-fading in Ca2Co2O5. This 
conclusion is supported by the impedance measurements in the charged- and 
discharged-state. However, this effect of increasing the charging voltage to 3.0 V is 
not so prominent in Ca2Fe2O5. The CV results complement the galvanostatic cycling 
data. The mechanism of operation of the electrodes involves the destruction of the 
crystal lattice during first-discharge cycle, which continues up to a few charge-
discharge cycles in the case of Ca2Fe2O5, followed by the formation of Fe or Co nano-
particles embedded in an amorphous matrix of Li2O and CaO. The Fe and Co nano-
particles react reversibly with Li2O through a displacement reaction contributing to 
the capacity. The Ca ion is presumed to act as a beneficial ‘spectator ion’ helping in 
the stabilization of the amorphous-nanometal-oxide matrix. The coulombic efficiency 
in both the compounds is >98% indicating good reversibility. In view of its 
performance, Ca2Co2O5 can be a viable anode material for LIB.  
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Chapter 6 
Carbon coated nanophase CaMoO4 and CaWO4 as anode 
materials for Li-ion batteries*  
6.1     Abstract 
 Pure and carbon (C)-coated CaMoO4 and C-coated CaWO4 were synthesized 
by solution precipitation and pure CaMoO4 also by sol-gel method and their 
electrochemical properties were studied vs Li by galvanostatic cycling, cyclic 
voltammetry (CV) and impedance spectroscopy. X-ray diffraction, SEM and TEM 
results revealed the tetragonal-scheelite structure. The TEM of 10% C-coated 
CaMoO4 shows the amorphous nature of carbon on the crystalline particles with a 
coating thickness of 8-12 nm. Galvanostatic data in the voltage range, 0.005-2.5 (or 
3.0) V up to 50 (or 100) cycles at a current rate of 60 mA/g revealed that the 10% C-
coated CaMoO4 and CaWO4 gave the highest reversible capacities of 508 and 297 
mAh/g, respectively (20th cycle). The average discharge and charge potentials are 0.5-
0.6 and 1.3-1.5 V respectively for both CaMoO4 and CaWO4.  The coulombic  
efficiency  for  all   the  carbon coated compounds is  96-98 %. The galvanostatic 
cycling results are supplemented by the CV. A plausible mechanism for charge-
discharge cycling has been proposed involving the Lix(Mo/W)Oy bronze. Impedance 
spectral data on the 10% C-coated CaWO4 at different voltages during the 1st and 20th 
discharge-charge cycle have been interpreted in terms of the variations in the bulk and 
charge-transfer resistances of the electrode.  
*Work presented in this Chapter has been published in the following journals: 
Chem. Mater. 16(2004)504-512; 
Electrochim. Acta 50(2005)5305-5312. 
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6.2     Introduction 
 
Recently vanadium (V) and moybdenum (Mo) containing mixed oxides have 
received attention as possible negative electrode (anode) materials to replace the 
graphite presently being used in the Li-ion batteries (LIB) [1-14]. This is due to the 
ability of the above metal ions to exist in several oxidation states in oxides, ranging 
from 2+ to 5+ for V and 3+ to 6+ for Mo and reversibly reacting with Li at potentials 
lower than 2 V. The vanadium compounds, LiNiVO4 [3], Co2V2O7 [3], 
MV2O6+).nH2O, M=Mn, Co [4], MnV2O6 [5] and those containing Mo of the type, 
Mn1-x(V1-xMox)2O6 [6,7], x=0 and 0.4  and solid solutions, SnO2-MoO2 [8]  have been 
investigated. Studies by the group of Nazar [9-11] on the compounds, MoO3 and 
Na0.25MoO3 (Na-Mo-bronze) and that of Wakihara [12-14] on MnMoO4 showed that 
first-charge capacities as high as 800-1000 mAh/g can be obtained when tested as 
positive electrodes vs Li-metal. These values are much higher than the 372 mAh/g 
obtainable with graphite electrodes (vs Li). Also, the high density of the Mo-oxides 
can give rise to higher volumetric energy density of the electrode as compared to the 
graphite. Further, the counter cations (Na or Mn), which do not participate in the 
electrochemical process with Li in the voltage range of interest, may play some role as 
'spectator' atoms/ions [9-14]. However, capacity-fading was noticed in Na0.25MoO3 
when cycled in the voltage range 0.005-3.5 V at C/20 rate (45 mA/g) [10,11]. 
Similarly, with MnMoO4 the first-charge capacity decreased by more than 50% after 
25 cycles at a current density of 0.2 mA/cm2 in the voltage range 0-2.0 V vs Li [12].  
The Na-Mo-bronze and MoO3 mentioned above have Mo in octahedral MoO6 
coordination, whereas MnMoO4 has Mo6+ in MoO4 tetrahedral and Mn2+ in heavily 
distorted MnO6 octahedral O-coordination. The latter compound adopts a monoclinic 
structure that can be derived from the well-known scheelite structure adopted by 
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CaWO4 and CaMoO4. Further, while Na0.25MoO3 is a mixed (good electronic and 
ionic) conductor, MoO3, CaMoO4, CaWO4 and MnMoO4 are electronic insulators. 
This necessitated Kim et al. [12,13] during their studies, to use as much as 40 wt. % 
of acetylene black as the conducting additive to fabricate the electrodes with 
MnMoO4.  
The work described in Chapters 3 and 5 on the Li-recycling of Ca-containing 
compounds, CaSnO3 [15,16], (Ca,Li)(Fe,Sn)O4 [17], Ca2Fe2O5 and Ca2Co2O5 [18] 
showed the beneficial effect of the 'spectator' Ca-ion to deliver high and reversible 
capacities vs Li  at least  up to 50 charge –discharge cycles. Moreover in Chapter 5 we 
have investigated the mixed 3d- metal oxides (Fe and Co oxides) as anodes for LIB. 
This has motivated us to extend the studies to 4d- and 5d- metal oxides with Ca as the 
counter ion.  Accordingly we have synthesised the compounds, CaMoO4 and CaWO4, 
and examined at their electrochemical behaviour vs Li. Since the compounds can be 
prepared in nano-crystalline form without any water of hydration from aqueous salt 
solutions at room temperature (RT=27"C), this afforded a method of coating the 
particles with conducting carbon during the synthesis. We find that Ca plays a similar 
role in the present case and reversible capacities, 440-500 mAh/g with * 98% 
coulombic efficiency up to 50 cycles have been observed for the 10% C-coated 
CaMoO4. Corresponding values for CaWO4 are lower due to high atomic weight of 
tungsten (W) in comparison to molybdenum (Mo).  
6.3     Experimental 
Sol gel and solution precipitation methods have been used for the synthesis of 
CaMoO4 and CaWO4. For the solution precipitation method [19], a 0.08 M solution of 
CaCl2 (Merck) in deionized water was added drop-wise to the 0.16 M aqueous 
solution of Li2MoO4 (Alfa Aesar) under stirring and heated to 60oC on a hot plate to 
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ensure complete precipitation to yield 15.8 g of CaMoO4. The precipitate was washed 
several times with deionised water to remove soluble impurities and recovered by 
filtration. The product was dried at 160oC for 24 h in an oven. The carbon (C) coating 
was done on CaMoO4 grains following the aforementioned solution precipitation 
method except that Super P MMM carbon (ENSACO) was well dispersed in the 
Li2MoO4 solution prior to addition of the CaCl2 solution, in two proportions in 
separate batches: 5 and 10 wt.% with respect to weight of the expected yield  (~ 16.3 
g) of CaMoO4. This procedure is similar to that adopted by Yang et al. [20] for the 
carbon coating on MnO2. The product was filtered and dried as above. 
For the sol-gel synthesis, the citrate complex method [15] was adopted: 0.25 
M citric acid (Fischer) was dissolved in 1 M of ethylene glycol (Merck) at 50oC 
followed by the addition of CaCO3 (0.025 M; Merck). After complete dissolution of 
the latter, 0.025 M of MoO2 (Aldrich) dissolved in minimum amount of 15% H2O2, 
was added. The sol thus formed was heated at 135oC for 12 h to obtain a deep-brown 
gelatinous mass. It was then decomposed by heating at 350oC for 4 h in air. The black 
flakey product obtained was crushed to fine powder and heated at 500oC for 6 h in air 
to obtain crystalline CaMoO4 (4.9 g). 
The 5 and 10 wt.% carbon (C)-coated CaWO4 were synthesized by the 
ambient temperature (RT=27°C) solution precipitation method similar to that 
described for C-coated CaMoO4 using aqueous solutions of CaCl2 (Merck) and 
Na2WO4 (Merck) containing a uniform suspension of conducting carbon (Super P 
MMM carbon (ENSACO)), nominal 5 or 10 wt.% of the expected yield of CaWO4. 
For crystallographic analysis powder X-ray diffraction (XRD) patterns were 
collected using a Siemens D5005 diffractometer equipped with Cu-K, radiation. 
Morphological studies were conducted using SEM (JEOL JSM – 6700F, Field 
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Emission Electron Microscope) and TEM (JEOL JEM 3010 operating at 300 kV). For 
SEM, the samples were coated with platinum to minimize charging effects. For TEM, 
the powder was dispersed in methanol and a drop of suspension deposited on a holey 
carbon-coated Cu-grid. Carbon contents of the materials were determined by 
thermogravemetric analysis (TGA) (TA Instruments SDT2960 Simultaneous DTA-
TGA) from RT to 800 or 900oC with a heating rate of 5oC/min in air. Composite 
electrodes for the electrochemical studies were prepared as discussed in Chapters 2 
and 3, with the active material, Super P carbon and binder (Kynar 2801) in the weight 
ratios, 80:10:10 (CaMoO4: soln. ppt.), 70:15:15 (C-coated CaMoO4/CaWO4) and 
65:20:15 (CaMoO4: sol-gel). These are optimized compositions to obtain good 
composite electrodes with reproducible results. The cyclic voltammetry and 
galvanostatic charge-discharge cycling of the cells were done at RT by computer 
controlled MacPile II (Biologic, France) and Bitrode multiple battery tester (model 
SCN, Bitrode, USA). Impedance spectra on 10% C-coated CaWO4 were collected 
using Solartron Impedance/Gain-Phase Analyzer (SI 1260) coupled with a Battery 
Test Unit (1470). An ac signal with amplitude of 5 mV and the frequency varying 
from 0.35 MHz to 3 mHz was used to measure the impedance response.  Data 
acquisition and analysis were done respectively using the software, ZPlot and  Zview  
(Version 2.2, Scribner Associates Inc., USA).  
6.4       Results and Discussion 
6.4.1   Structural Characterization 
6.4.1.1  TGA of CaMoO4 and CaWO4  
The powders of CaMoO4 are crystalline and white whereas the 5 and 10 wt % 
C-coated CaMoO4 and CaWO4 are black. An estimation of the carbon content for the 
10 wt % C- coated CaMoO4, the sol-gel CaMoO4, 5 and 10 wt % C-coated CaWO4 
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was made by the TGA analysis. Typical thermograms for 10%-C-coated CaMoO4, 
sol-gel CaMoO4 and 10%-C-coated CaWO4 from room-temperature to 800/900 oC are 
shown in Fig. 6.1 a and b. There was no weight loss until 500oC in both CaMoO4 
samples indicating there is no water of hydration. Major weight loss in the C-coated 
CaMoO4 started above 500oC and was complete at 680oC, due to oxidation of C. The 
C-content was calculated to be 11.8 % of the sample weight. This is slightly larger 
than the 10 wt % expected and probably due to incomplete precipitation of CaMoO4 
from the solution. The TGA of the sol-gel CaMoO4 showed only a weight loss of 0.33 
% in the temperature range 600-650oC. This reveals the presence of amorphous 
carbon in trace amounts in the sol-gel CaMoO4 due to the residue from the citrate 
complex.  In 5 and 10 wt% C-coated CaWO4 the weight loss occurred between 600 to 
850°C due to oxidation of carbon. From the weight loss, the C-contents were found to 
be 4.5 and 9.2 wt.% for the nominal 5 and 10 wt % C-coated CaWO4. For the sake of 
simplicity we will refer to the nominal % C-values for the respective compounds. 
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Fig. 6.1  Thermograms of (a) 10%-C-coated CaMoO4 and sol-gel CaMoO4; (b) 10%-
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6.4.1.2  XRD of CaMoO4 and CaWO4 
The XRD patterns of CaMoO4 synthesized by sol-gel and solution precipitation ((i) 
soln.ppt.) and sol-gel (ii)) methods and carbon coated ones are shown in Fig. 6.2. 
















































































































Fig. 6.2 Powder X-ray diffraction (XRD) patterns of a. CaMoO4 (solution 
precipitated) and CaMoO4 (sol-gel); b. CaMoO4 (5% and 10% C-coated). Miller 
indices (hkl) and tetragonal lattice parameters (a, c) are shown.  
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The diffraction lines of (i) in Fig. 6.2a are slightly shifted to higher 2+  values in  
comparison  to  (ii).  This is due to the different method of synthesis. On the other 
hand, the lines of (i) in Fig. 6.2a are rigorously superimposable to those in Fig. 6.2b. 
All the XRD peaks can be assigned to those reported for CaMoO4 in the JCPDS file 
(no. 77-2239). This confirms the formation of the phase pure compounds.  Since the 
Super P carbon is amorphous and its content is small, it is not observed in the XRD 
patterns of the C-coated CaMoO4. The CaMoO4 crystallizes in the mineral, scheelite 
structure (tetragonal, space group I41/a) with the primitive cell comprising Ca2+ ions 
and (MoO4)2- tetrahedra with two formula units [21,22]. The tetragonal lattice 
parameters, derived by the least square fitting of the 2+ and hkl values are given in 
Fig. 6.2 and are in agreement with the JCPDS file (a=5.200 (5) Å; c=11.365 (3)Å). 
The XRD patterns of 5 and 10 % C-coated CaWO4 are shown in Fig. 6.3. All 
the peaks match well with JCPDS file no. 77-2233, indicating the formation of 
compounds in the phase pure form. Analogous to CaMoO4, the CaWO4 crystallizes in 
the tetragonal-scheelite structure. The unit cell is made up of two formula units with 
WO42- anions (tetrahedra) bound to Ca2+ cations which adapt 8-fold O-coordination. 
Lattice parameters derived by the least square fitting of 2+ and hkl using the space 
group I41/a are given in Fig. 6.3.  
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(ii) 10 wt.% C-coated CaWO
4












Fig. 6.3 Powder X-ray diffraction patterns of (i) CaWO4 (5% C-coated) and (ii) 
CaWO4 (10% C-coated). CuK, radiation. Miller indices (hkl) and tetragonal lattice 
parameters (a, c) are shown.  
 
6.4.1.3  SEM of CaMoO4 and CaWO4 
The SEM photographs (Figs. 6.4a-c) of the uncoated and C-coated CaMoO4 
clearly depict that morphology is dependent upon the synthetic method. The soln. ppt. 
CaMoO4 showed large-agglomerates (7-10 #m) of fine particles (Fig. 6.4a). The in-
situ C-coating during the precipitation of CaMoO4 leads to uniform and smooth 
particles of 1-2 #m size (Fig. 6.4b) revealing that the coating prevents the 
agglomeration of the small crystallites into bigger units. The sol-gel CaMoO4 shows 
the formation of well-separated nano-crystallites with size in the range, 50-80 nm 
(Fig. 6.4c).  
The SEM photographs of 5 and 10% C-coated CaWO4 are shown in Fig. 6.4d 
and e. The compounds are comprised of 3-6 micron size well-separated spherical-
                                                                                                                                     217
 
agglomerates. Each agglomerate consists of nano-size particles of CaWO4 coated with 




                      e. 
 
 
Fig. 6.4  SEM photographs of the powders. CaMoO4: a. soln.ppt., b. 10% C –coated 
(soln. ppt.), c. sol-gel; CaWO4 (soln. ppt.): d. 5% C-coated, e. 10% C-coated. 
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6.4.1.4  TEM of CaMoO4 
The bright field TEM photographs reveal that the primary agglomerates of 
soln. ppt. CaMoO4 are comprised of nano-crystallites (size, 50-150 nm) (Fig. 6.5a). 
These nano-particles are interlocked randomly to form large agglomerates. The TEM 
of C-coated CaMoO4 shows very uniform nano-crystallites with a size of only 50-80 
nm (Fig. 6.5b). Thus, carbon coating results in uniform crystallites with reduced size 
consistent with the observations. 
 
Fig. 6.5  TEM photographs of CaMoO4: a. soln.ppt. and b. 10% C-coated (scale: 
white bar measures 50 nm). High resolution lattice images of CaMoO4: c. soln.ppt. 
and d. 10% C-coated (scale: white bar measures 5nm). In c, the lattice spacings 
correspond to the (112) planes with a d-spacing of 3.1 Å. In d, the amorphous nature 
of the coated carbon is clearly delineated from the crystalline region of CaMoO4. See 
text. 
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The TEM lattice images observed on individual crystallites of the soln.ppt. 
CaMoO4 and C-coated CaMoO4 (Figs. 6.5c and d) reveal perfect order at the unit cell 
scale. The d-spacing of the lattice fringes (Fig. 6.5c) is 3.1 Å and correspond to the 
(112) plane. Overlap of two or more crystallites due to the agglomeration of nano-
crystals is also seen, in upper right side of Fig. 6.5c. Further, TEM of the C-coated 
sample (Fig. 6.5d) reveals that the carbon is coated as a uniform layer, amorphous in 
nature, on the surface of CaMoO4 with thickness 8-12 nm over the crystalline grains 
of CaMoO4. 
6.4.2  Electrochemical Cycling Studies on CaMoO4 
6.4.2.1 Galvanostatic cycling  
The electrochemical performance of pure and C-coated CaMoO4 vs Li was 
examined under galvanostatic cycling conditions at room temperature. The first cycle 
commenced cathodically from the open circuit voltage (OCV) condition. In 
galvanostatic cycling, the first two discharge-charge cycles were carried out at a 
current rate of 10 mA/g and the rest at 60 mA/g up to 50 cycles. Fig. 6.6 shows the 
voltage profiles corresponding to the first-discharge reaction from OCV to 0.005 V 
and the subsequent charge cycle up to 2.5 V. The voltage drops rapidly up to 0.8 V 
followed by a sloping profile until the lower cut-off limit of 0.005 V for the CaMoO4 
(soln.ppt.). The voltage profile of CaMoO4 (sol-gel) (Fig. 6.6b) shows a plateau, at a 
voltage ~0.9 V, till a capacity of 375 mAh/g is reached. After this, the sloping region 
sets in and extends to 0.005 V to give a total discharge capacity of 853 mAh/g. The 
voltage profile of 10% C-coated CaMoO4 (Fig. 6.6c) comprises a flat region at ~0.85 
V after an initial drop from OCV. After reaching a discharge capacity of 100 mAh/g, 
there is a sloping profile up to almost 650 mAh/g, followed by steeper 
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Fig. 6.6 The voltage vs capacity profiles in the voltage window, 0.005-2.5 V for a. 
CaMoO4 (soln.ppt.); 1-25 cycles, b. CaMoO4 (sol-gel); 1-50 cycles, and c. CaMoO4 
(10% C-coated);1-50 cycles. First two cycles done at a current density of 10 mA/g 
with first discharge commencing from OCV. Profiles during 5-50 cycles were done at 
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voltage drop till 0.005 V. The capacity contribution from the latter sloping region is 
~375 mAh/g so that the total discharge capacity is 1025 mAh/g. A similar behaviour 
was shown by 5% C-coated CaMoO4 with a total capacity of 922 mAh/g.  
The first-discharge curves shown in Figs. 6.6 b and c exhibit the voltage 
plateau at 0.85-0.9 V. Kim et al. [12,13] also have observed a voltage plateau at ~0.8 
V, followed by a sloping profile with another plateau at ~0.3 V and continuous 
decrease of voltage till 0 V for MnMoO4 studied as cathode vs Li. This is expected 
since both the compounds, CaMoO4 and MnMoO4 contain MoO4 tetrahedra and are 
structurally related. The plateau at 0.8-0.9 V may be due to the breakdown of the 
metal oxide framework catalytically enhanced by carbon. A voltage plateau at ~0.5-
0.8 V has also been observed by Leroux et al. [10,11] during the first-discharge in 
Na0.25MoO3, in which Mo-ion adopts octahedral coordination. Thus, slight differences 
in the voltage plateau values arise due to the crystal structure, nature of the spectator 
ion (Ca or Mn), O-coordination of the active ion and possibly, the nano-particle 
nature of the compound. Similar variations were observed by us and others in tin-
based oxides [15,16,23,24] and in pure and mixed transition metal oxides [17,18,25]. 
The first-charge curves, up to 2.5 V shown in Fig. 6.6, for all the CaMoO4 
compounds are smooth up to ~2 V with a slight indication of plateau at 1.3-1.5 V in 
10% C-coated CaMoO4. Above 2 V, the voltage rises rapidly except for the C-coated 
CaMoO4 indicating little capacity above this voltage. These first-charge curves are 
almost identical to the one observed in MnMoO4 [12-14]. The first-charge capacities 
(mAh/g) are: CaMoO4 (soln.ppt.): 361; CaMoO4 (sol-gel): 535; 10% C-coated 
CaMoO4: 680. This shows that the latter compound performs better. The second-
discharge profiles differ significantly from those of the first-discharge indicating that 
the mechanism of operation is different in this case and, as expected, the capacities 
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are also smaller. In addition, the second discharge profile of 10% C-coated CaMoO4 
shows a plateau at ~0.5 V, identical to that noted in MnMoO4 [12-14]. 
Subsequent charge-discharge cycles at 60 mA/g show excellent overlap of the 
respective voltage-capacity profiles for sol-gel and 10% C-coated CaMoO4. The 
coulombic efficiency is *98%. During the 3-50 cycles, the following features are also 
clear: CaMoO4 (soln.ppt.): Reversible capacities vary from 200 to 250 mAh/g and 
there is an increase in the electrode-polarization from the 2nd cycle onwards. The 
voltage-plateau at 1.3-1.5 V in the charge-curves appears only as a shoulder. CaMoO4 
(sol-gel): Reversible capacities vary from 300 to 350 mAh/g and only small electrode-
polarization is seen. The voltage-plateaus at 1.3-1.5 V in the charge-curves and at 0.3-
0.5 V in the discharge-curves are discernable. 10% C-coated CaMoO4: High 
reversible capacities, varying from 500-580 mAh/g with little electrode-polarization 
from the 3rd cycle onwards and clear-cut voltage-plateaus at 1.4-1.5 V in the charge-
curves and at 0.5-0.6 V in the discharge-curves. These plateaus indicate a multi-phase 
reaction involving Mo-oxide in two or more low-valence states. The profiles of the 
5% C-coated CaMoO4 are similar to that of the 10% C-coated ones except that the 
reversible capacities are smaller. In spite of the nano-particle nature of the various 
CaMoO4 studied here, the superior performance of the 10% C-coated CaMoO4 is 
definitely due to the improved electronic conductivity between the particles of 
CaMoO4 and hence better electronic transfer between the nano particles during 
charge-discharge cycling. 
The voltage-capacity profiles shown in Fig. 6.6 include the contribution from 
the Super P carbon used as conducting additive during fabrication of the electrodes, 
both un-coated and C-coated CaMoO4. We have subtracted the capacity-contribution 
of the carbon from the observed capacities during all the discharge– charge cycles for 
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all the compositions of CaMoO4 including the C-content of the coated ones following 
the same method as discussed in Chapter 3. These corrected capacity values are given 
in Table 6.1 and plotted in Fig. 6.7 as a function of the cycle number [26]. The moles 
of Li participating in the charge-discharge reactions, calculated from the molecular 
weight and the corrected capacity values are also given in Table 6.1.  
The theoretically expected capacity value for the first-discharge involving 
crystal structure destruction and reduction of the Mo6+ to Mo0 in CaMoO4 is 804 
mAh/g (6 moles of Li). The Ca2+ ion in CaMoO4 is not expected to be reduced to Ca-
metal under room temperature electrochemical conditions. This can be understood by 
a consideration of free energies of formation, ($Gf0(298K)). The value of CaO(-
144.37 kcal/mol) is more negative than Li2O (-134.13 kcal/mol) [27]. Indeed our 
studies on CaZrO3 vs Li have shown that neither Ca2+ nor Zr4+ can be reduced to the 
respective metals under room temperature electrochemical conditions [28]. However, 
this argument does not apply to transition metal oxides which can exhibit different 
valence states of the metal ion. Thus, even though $Gf0(298K) for MoO3 and MoO2 
are –159.66 and –127.40 kcal/mol respectively [27],  Mo6+O3 can be readily reduced 
to lower-valent oxide by Li to give LixMo6+/5+O3, x<1 at room temperature under both 
chemical and electrochemical conditions [10,11,29].  
The observed first-discharge capacity for the 10% C-coated CaMoO4 is 
slightly higher than the theoretical value, by 0.4 moles of Li, whereas for the 5% C-
coated CaMoO4 there is good agreement (5.9 vs 6.0 moles of Li). The capacity values 
for the soln.ppt.-  and sol-gel CaMoO4 are less than theoretical by ~6-12% (Fig. 6.7 
and Table 6.1) indicating that either Mo6+ was not reduced to metal (Mo0) but only to 
a lower oxidation state and/or the discharge reaction was incomplete, possibly due to 
the insulating nature of CaMoO4. The first-charge capacities, with the upper cut-off
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 Fig. 6.7 The charge-discharge capacities (corrected for uncoated and coated carbon 
contribution) as a function of cycle number (3-50 cycles) for CaMoO4 (soln.ppt.), 
(sol-gel), (5% C-coated) and (10% C-coated) at a current density of 60 mA/g. Upper 
cut off voltages are indicated by the symbols: ! (2.0 V), " (2.5 V), # (3.0 V). In all 
cases the lower cut-off voltage is 0.005 V vs Li. Filled and open symbols indicate 
discharge and charge capacities respectively.  
 
voltage at 2.5 V, correspond to 4.3, 3.7, 3.6 and 2.5 moles of Li respectively for 10% 
C-, 5% C-coated, sol-gel and soln.ppt. CaMoO4. Thus, the irreversible capacity loss 
(ICL) remains the same, 2.15G0.05 moles of Li for the 5 and 10% C-coated CaMoO4 
whereas the ICL is only 1.7 moles of Li for sol-gel but as high as 3.2 moles of Li for 
soln. ppt. CaMoO4. Part of the ICL is contributed by the solid electrolyte interface 
(SEI) formation on the oxide, including the C-coated CaMoO4 and the rest must exist 
as electrochemically inactive Li2O. During the 3-50 cycles, performed at current rate 
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of 60 mA/g in the range 0.005-2.5 V, the observed capacities are smaller than those 
obtained during the first two cycles which were carried out at 10 mA/g. For the sol-
gel sample and 10% C-coated CaMoO4, cycling was also performed with the upper 
cut-off voltages 2.0 and 3.0 V. Select capacity values are given in Table 6.1 and 
plotted as a function of cycle number in Fig. 6.7. As can be expected, the first-charge 
cycle capacities are about ~6% smaller with 2.0 V cut-off as compared to the values 
with 2.5 V cut-off. With an upper cut-off of 3.0 V, the capacities are almost the same 
for 10% C-coated CaMoO4 but 3% higher for sol-gel CaMoO4 in comparison to those 
with 2.5 V cut-off. The trend of variation of the charge and discharge capacities with 
the cycle number for 10% C-coated CaMoO4 is exactly the same with the upper cut-
off voltages 2.0 and 2.5 V. However, with the cut-off voltage of 3.0 V, the capacities 
started fading much earlier, from the 9th cycle onwards. For sol-gel CaMoO4 with the 
cut-off voltge of 3.0 V, the initial higher capacities decrease up to 18 cycles and 
stabilize at ~260 mAh/g in the range 20-25 cycles. Therefore we conclude that the 
optimum working voltage is 0.005-2.5 V in CaMoO4. 
  The influence of the preparation method and C-coating on the cycling 
performance is clearly brought out in the data of Table 6.1 and Fig. 6.7. For the soln. 
ppt.  CaMoO4 the 3rd cycle capacity of 240 mAh/g decreases to 190 mAh/g at the 15th 
cycle and remains stable up to 27 cycles. This value corresponds to recyclable  Li  of  
only  1.4  moles. The  coulombic efficiency  is ~99%. For sol-gel CaMoO4 the 3rd 
cycle capacity is 295 mAh/g, which decreases by about 10% at the end of 20 cycles, 
but then increases slowly to 296 mAh/g up to 35 cycles and stabilizes at this value (G 
5 mAh/g) up to 50 cycles (Fig.6.7). This corresponds to 2.1 moles of Li and the 
coulombic efficiency is ~99%. The C-coated CaMoO4 exhibit consistently higher 
initial capacities which slowly increase up to 17-25 cycles. The capacity remains 
                                                                                                                                     227
 
stable at ~400 mAh/g (2.9 moles of Li) in the range 20- 40 cycles for the 5% C-coated 
CaMoO4. For the 10%-C-coated CaMoO4, the 20th cycle-discharge capacity is 508 
mAh/g (cut-off voltage, 2.5 V). This corresponds to 3.8 moles of recyclable Li. 
However, the capacity decreases in the range, 20-50 cycles and is 439 mAh/g at the 
end of 50th discharge-cycle for the 10% C-coated CaMoO4. The coulombic 
efficiencies are ~99% for both 5% and 10% C-coated CaMoO4. The increasing trend 
in the charge and discharge capacities in the range, 3-20 cycles for the C- coated 
CaMoO4 may be attributed to the 'activation' of the electrode. While the C-coating 
enhances inter-particle electronic conductivity, it may prevent the full participation of 
the active material in these initial cycles, especially so because crystal structure 
destruction is involved in the first-discharge. Similar trend of activation of the 
electrode has been noted by us [15,16] in the cycling behaviour of nano-CaSnO3. 
Nearly stable performance is observed with 5% C-coated CaMoO4 from 20 to 40 
cycles but showed lower capacity values in comparison to 10% C-coated CaMoO4. 
However, in this range (20-40 cycles), the capacity-fading is larger for 10% C-coated 
CaMoO4. This indicates that optimum carbon coating, with respect to high achievable 
capacities at the current rate of 60 mA/g and stable cycling performance, is between 5 
and 10 wt.%. 
A comparison of the cycling performance of C-coated CaMoO4 (Fig.6.7 and 
Table 6.1) with the results reported by Kim et al [12,13] for MnMoO4 shows that 
CaMoO4  performs better. A first-charge capacity of 1000 mAh/g in MnMoO4 was 
found to decrease continuously to ~ 400 mAh/g after 25 cycles in the voltage range 0-
2.0 V at the current rate, 0.2 mA/cm2. Further, the authors employed 40 wt.% of 
conducting carbon in the composite electrode and its contribution to the observed 
capacity will be considerable. Thus, the Ca- ion  is a  superior 'spectator' compared  to 
                                                                                                                                     228
 
Mn- ion in  the Mo-O matrix, and  C- coating has a positive influence. The beneficial 
role of Ca-ions in other metal (M) oxide-matrices (M=Sn,Fe,Co) has been shown by 
us previously [15-18,28]. 
6.4.2.2 Cyclic voltammetry  
The cyclic voltammograms (CV) profiles of the various CaMoO4 
compositions were recorded at room temperature in the voltage range 0.005-2.5 V vs 
Li at a sweep rate of 0.058 mV/sec up to 25 cycles. For clarity, CV ($Q(current×time) 
vs voltage curves) of select cycles are shown in Fig. 6.8. The CV plots differ from 
each other, and highlight the influence of morphology and C-coating on the 
electrochemical performance of CaMoO4. The first-discharge sweep, commenced 
cathodically from OCV to 0.005 V, is at variance from the subsequent discharge 
curves revealing that the first-discharge reaction differs from the rest. Here, the 
material is transformed into an amorphous composite CaO, Li2O and “LixMoOy”. The 
first-discharge curve for soln. ppt. CaMoO4 shows a small reduction peak at ~0.75-0.8 
V and3$Q6 increases continuously till 0.005 V (Fig. 6.8a). Subsequent charge-
discharge cycles are almost featureless and the area under the cathodic and anodic 
regions decreases upon cycling indicating capacity-fading. This must be due to 
incomplete participation of the active material due to its highly insulating nature and 
bigger particle-morphology. The first- discharge sweep for sol-gel CaMoO4 (Fig. 
6.8b) comprises a broad peak centred around 0.5 V followed by a gradual increase in 
3$Q6 down to 0.005 V. The first-charge sweep shows three small peaks, around 0.65, 
1.2 and 1.6 V, of equal intensity. The second discharge-profile shows a broad 
shoulder around 1.25 V and then 3$Q6 increases till 0.005 V. The 5th discharge profile 
shows the indication of peak formation in the low-voltage region, ~0.25 V. The 
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subsequent charge-discharge profiles are qualitatively similar except for the 
diminishing peak intensities and their areas up to 25 cycles. 
 
  
Fig. 6.8  Cyclic voltammograms (1-25 cycles) of a. CaMoO4 (soln.ppt.), b. CaMoO4 
(sol-gel) and c. CaMoO4 (10% C-coated). Li metal was the counter and reference 
electrode.  Scan rate is 0.058 mV/sec. Voltage window, 0.005-2.5 V. Only select 
cycles are shown. Cycle numbers are indicated. 
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The first-discharge sweep in the CV of 10% C-coated CaMoO4 (Fig. 6.8c) 
shows a small peak at ~0.6 V followed by a continuous increase in the 3$Q6values up 
to 0.005 V. Subsequent charge-sweep shows a peak developing around 1.55 V. The 
second and subsequent discharge curves show a broad peak around 1.2 V and the 
main reduction peak occurs at ~ 0.3 V. These correspond well to the plateau regions 
noted in galvanostatic profiles (Fig. 6.6c). The corresponding charge cycles show a 
clear  peak at 1.55-1.60 V, which increases in intensity up to 25 cycles. The increase 
in the peak intensity upon cycling can be attributed to the completion of the structure-
destruction process spreading over these initial cycles, after which the nano-
crystalline material participates fully in the electrochemical cycling. The well-defined 
peaks observed in the charge-discharge cycles in C-coated CaMoO4 can be attributed 
to the oxide bronze, LixMoOy formation at ~1.2 and 0.3 V during the discharge-sweep 
(varying valance states of Mo-ion) and its oxidation occurring around ~1.55 V in the 
charge-sweep. The CV studies thus corroborate the galvanostatic cycling results. 
6.4.2.3 Charge-discharge reaction mechanism  
 
The mechanism of the charge-discharge process in CaMoO4 can be inferred 
from studies done on the related Mo-oxide systems, MnMoO4 [12-14] and 
Na0.25MoO3 [9-11]. On the basis of insitu XRD, XANES and NMR studies, it has 
been established that the first- discharge reaction is essentially a crystal structure 
destruction process yielding a highly disordered (amorphous) product comprising a 
mixture of an inert matrix, Li-M-O (M= Na or Mn as the matrix metal) and an 
electrochemically active “LixMoOy” phase [5-7,9-14]. The formation of Li-M-O is 
irreversible and contributes to ICL. In the case of MnMoO4, Kim et al [10,11] did not 
find evidence of the formation of Mo-metal during the first-discharge (reduction by 
Li) up to 0 V, but only reduction to a lower valence-state, Mo1+ or Mo2+. The Mn2+ 
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ion in MnMoO4 remained unreduced. On the other hand, studies on the system, Mn1-
x(MoxV1-x)2O6 , x=0 and 0.4 by Hara et al.[5-7] showed that on full-discharge, Mn2+ 
and  Mo6+ ions were reduced to  Mn0 and Mo0 (metal) respectively, whereas V5+ was 
reduced to only V2+. During the first-charge and subsequent cycling, Mo0! Mo4+ and 
V2+! V4+occurs with the participation of Li-ions [5-7,12-14]. To explain the 
observed high capacities in MnMoO4, Kim et al. [12,13] invoked the participation of 
O-ions (oxidation of O2- and its reduction during charge and discharge respectively) in 
addition to the Mo-redox contribution. Electrochemical, NMR and XAS studies on 
Na0.25MoO3 [9-11] have shown that the Mo6+ ions get reduced to an average valence-
state of Mo0.6+ during the first-discharge. Formation of a highly-oxygen-deficient 
Li/Mo nano-composite with a formula, “Li5.28MoO1.7” was proposed. Thus, the 
formation of Mo-metal or otherwise during the first- discharge reaction depends on 
the crystal structure of the starting oxide, the matrix ion and the presence or absence 
of another electrochemically active ion, e.g., V5+, in addition to Mo-ion.  
Therefore, on the basis of the above reports on Mo-compounds and 
galvanostatic cycling results for the 5- and 10% C-coated CaMoO4 for which the first 
discharge capacity is in good agreement with the theoretical value of 6.0 moles of Li, 
of which 3.8 are recyclable for the latter composition, we propose a reaction 
mechanism involving the formation/decomposition of the oxide bronze “LixMoOy”. 
The first discharge profile (Fig. 6.9, replotted from Fig. 6.6c for clarity) for the 10% 
C-coated CaMoO4 is divided into regions marked with boundaries a,b,c and d. It 
shows an overall capacity of 1025 mAh/g, including C-contribution. The destruction 
of crystal structure and amorphization of the nano-particle CaMoO4 occurs in the 
region abc with a small plateau at ~0.85 V and a continuous decrease to 0.5 V 
consuming 3.5 moles of Li (475 mAh/g after correcting for C-content) as per eqn. 6.1.  
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Fig. 6.9 The voltage vs capacity profiles (first and 20th cycle) for CaMoO4 (10% C-
coated) in the voltage window, 0.005-2.5. V. First cycle at 10 mA/g and 20th cycle at 
60 mA/g (reproduced from Fig. 6.6c). 
 
At point c, CaMoO4 has converted to the bronze, “Li1.5Mo2.5+O2”. In the region cd, 2.5 
moles of Li are consumed to form the bronze, “Li4Mo0O2” in which Mo-attains a 
valency of 0 (eqn. 6.2). 
 CaMoO4 + 3.5 Li+ + 3.5e- ( CaO + Li2O + Li1.5Mo2.5+O2                                                    (6.1) 
 Li1.5Mo2.5+O2 + 2.5Li+ + 2.5e- !    Li4Mo0O2                                                         (6.2) 
Li1.5Mo2.5+O2 ! Mo4+O2 + 1.5Li+ + 1.5e-                                                                (6.3) 
The charge curve (efg, in the profile of 20th cycle) is almost a straight-line up 
to point f and corresponds to the release of ~2 moles of Li. This is the oxidation 
reaction (reverse of eqn. 6.2). However, the slope of the profile changes before the 
release of all 2.5 moles of Li as suggested by eqn. 6.2. Thereafter, a small plateau sets 
in at ~1.5 V, in the vicinity of point f, after which the profile shows a region of 
different slope (also seen as a broad shoulder in the first-charge curve, Fig. 6.9). The 
region fg is attributed to the further oxidation of the bronze, releasing all the 3.8 moles 
of Li at point g and forming “MoO2” (eqn. 6.3). The small plateau region at ~1.5 V 
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may be the overlapping region between the reactions of eqns. 6.2 and 6.3  signifying 
equilibrium between the phases “MoO2” and “LixMoOy”. The second and subsequent 
discharge cycles, which differ from the first-discharge reaction, also proceed in two 
steps, as indicated by the region hij. The sloping portion hi, contributes a capacity of 
175 mAh/g (1.3 moles of Li), after correcting for the C-content (reverse of eqn. 6.3). 
This is followed by the plateau at ~0.5 V, signifying the onset of the forward reaction 
of eqn. 6.2. The above mechanism in which charge-discharge cycling involves only 
3.8 moles of Li (theoretical, 4.0 Li), is consistent with the observations of the group of 
Wakihara on MnMoO4 [12-14] and Nazar on NaxMoO3  [10,11] who found that on 
charging to 2.0-3.5 V(vs Li) from the discharged state, Mo adopts a valency of only 
4+. Thus, in CaMoO4 the ICL from the first-discharge and -charge should correspond 
to 2.0 moles of Li, due to Mo6+ ( Mo4+ formation in good agreement with our 
experimental value of 2.1 moles of Li (Fig. 6.9, Table 6.1 and eqns. 6.1-6.3). 
However, the proposed reaction mechanism needs to be confirmed by in-situ XRD 
and in-situ physical techniques like Li-NMR and XANES to establish the valance 
state of Li and Mo in the ‘Li-Mo-O’ phase.  
6.4.3 Electrochemical Studies on CaWO4  
6.4.3.1 Galvanostatic cycling 
The 5 and 10% C-coated CaWO4 have been studied for their electrochemical 
response by galvanostatic cycling at 60 mA/g current rate in three voltage ranges, 
0.005 -2.0 V, -2.5 V and -3.0 V vs Li. First-discharge reaction commenced 
cathodically from the open circuit voltage (OCV) and corresponds to reaction with Li. 
Fig. 6.10a shows the voltage profiles of the first discharge-charge cycle for the 10% 
C-coated CaWO4. They are analogous irrespective of the upper cut-off voltage ranges. 
Various features in the voltage profiles are marked as abcde and fgh in Fig. 6.10a. 
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Capacities associated with the plateau regions bc and cd are ~200 and ~300 mAh/g 
respectively. The sloping region de is seen till lower cut-off voltage limit, 0.005 V 
and overall first-discharge capacity is 945 mAh/g. The voltage profiles for the first-
charge cycle marked ‘ fgh’ are smooth up to the upper cut-off voltage limits, -2.0 V, -
2.5 V, -3.0 V, with a narrow plateau region at ~1.3 V (g in Fig. 6.10a). The first 
charge capacity is 414 mAh/g with the upper cut-off voltage, 3.0 V.  







































Fig. 6.10 The voltage vs capacity profiles for 10 % C-coated CaWO4 for (a) First 
cycle, in the voltage range, 0.005-2.0, -2.5, -3.0 V; (b) 5-100 cycles, in the voltage 
range, 0.005-3.0 V. Only select cycles are shown. Numbers refer to cycle numbers. 
Values are uncorrected for carbon. Current density is 60 mA/g. 
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Subsequent discharge-charge cycling takes place as per the voltage profiles of 
Figs. 6.10b and are shown from 5-100 cycles for the 10% C-coated CaWO4 in voltage 
range, 0.005-3.0 V at 60 mA/g current. Select cycles only are presented for clarity. 
The discharge profiles for these cycles (marked as ijk in Fig. 6.10b) differ from the 
voltage profile for the first-discharge reaction. As evident from Fig. 6.10b, Li 
insertion occurs below ~1.5 V followed by the continuous sloping nature of the 
profile till the lower cut-off voltage, 0.005 V. This shows that overall discharge 
reaction is a single phase process. On the other hand, the voltage profiles for the 
charge-reaction show the plateau region ~1.3V similar to the first-charge reaction. 
The average charge-potential was found to increase slightly with cycle number, 
thereby showing increasing polarization (Fig. 6.10b) and degrading performance. 
Similar behaviour was noted with the upper cut-off voltages, 2.0 V and 2.5 V. 
Nevertheless, these voltage profiles with the discharge potential of ~0.6 V and charge 
potential of ~1.3 V have strong resemblance to those shown by 10% C-coated 
CaMoO4 (Fig. 6.6 c) and MnMoO4 [12-14]. The obvious reasons being that CaMoO4, 
MnMoO4 and CaWO4 are nearly isostructural, two of them have same counter ion 
(Ca) and similar nature of the electrochemically-active center (Mo6+ and W6+). The 
compounds NaxMoO3 [11] and MnV2O6 [5], studied for the anodic response, also 
showed similar voltage profiles and plateau potentials. Other transition metal oxides 
like CoO, Co3O4, NiO and FeO [2,30] and mixed oxide, Ca2Co2O5 [18], proposed as 
prospective anodes for LIB, also exhibit voltage profiles with slightly higher 
discharge and charge plateau potentials ~0.8 and ~1.8 V vs Li, respectively.      
 Qualitatively the voltage profiles of 5% C-coated CaWO4 (not shown in Fig.) 
are analogous to that of 10% C-coated CaWO4 except that the observed capacities are 
low. However, the cyclability was better for the 5% C-coated compound. Variation of 
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discharge-charge capacity with cycle number at a current rate of 60 mA/g in the 
voltage ranges, 0.005-2.0, -2.5 and -3.0 V for the 5 and 10% C-coated CaWO4 vs Li 
are shown in Fig. 6.11 a and b respectively. Selected values are given in Table 6.2. 
Both 5% and 10% C-coated compounds contain significant amount of carbon (as the 
carbon coated on to CaWO4 and the mechanically mixed carbon during electrode 
fabrication).  Therefore, on the basis of the observed capacities of pure carbon 
[15,28], we have subtracted its contribution from the capacity values obtained for the 
CaWO4 composite electrode by the same method as discussed in Chapter 3. The 
corrected values are plotted in Figs. 6.11a and b and given in Table 6.2. 
Corresponding moles of Li per formula unit of CaWO4 are also given in Table 6.2. 
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Fig. 6.11 Capacity vs cycle number plots from 1-100 cycles in the voltage ranges, 
0.005-2.0 V, -2.5 V, -3.0 V for (a) 5% C-coated CaWO4 and (b) 10% C-coated 
CaWO4.  Values are corrected for carbon. Current density is 60 mA/g. Open symbols, 
charge; closed symbols, discharge. 
    
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
23
7 





































































   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   







































































































































































































































































































































































































   









                                                                                                                                    238
 
 The variation of reversible capacity with cycle number is same in all the 
voltage ranges, with best cycling window being 0.005-3.0 V for both 5 and 10% C-
coated CaWO4. The initial low discharge and charge capacity values noted for the 5% 
C-coated CaWO4 can be attributed to the incomplete structure destruction process 
owing to the low electronic conductivity of the compound. This process continues 
over first few cycles with more and more active material participating in the reaction 
leading to higher capacity values. In the range 20-50 cycles, the capacity remains 
almost stable, 230(+5) mAh/g (3.0 V cut off) after which it slowly degrades to ~200 
mAh/g at the end of 100 cycles (Fig. 6.11a). The coulombic efficiency is >98%. 
The 10% C-coated CaWO4 showed a first-discharge capacity of 795 mAh/g 
(8.5 moles of Li) and a first-charge capacity, with 3.0 V cut-off, of 354 mAh/g (3.8 
moles of Li) (Fig.6.11b and Table 6.2). The first-discharge capacity is larger than the 
theoretical value by 2.6(G0.1) moles of Li, assuming a six-electron reduction, W6+ to 
W0 (Table 6.2). This excess capacity was not noticed in the case of 5% C-coated 
CaWO4  possibly due to incomplete reaction. Hence, the excess irreversible capacity 
in the first cycle for 10% C-coated CaWO4 is due to electrolyte decomposition and/or 
as discussed by Leroux and Nazar [10,11], due to the ‘interfacial enhancement effect’ 
arising from a combination of electronic conductivity-enhancement as a result of C-
coating and metal oxide-carbon grain boundary sites that up take the extra Li. The 
10% C-coated CaWO4 shows continuous capacity-fading irrespective of the upper 
cut-off voltage (Fig.6.11b and Table 6.2). With 3.0 V cut-off voltage, the 5th cycle 
charge capacity of 350 mAh/g decreases to 195 mAh/g at the 100th cycle. The 
capacity fade corresponds to1.6 mAh/g per cycle. In all cases the coulombic 
efficiency was ~96%.   
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We can conclude that the optimum carbon coating as regards to stable cycling 
performance and high reversible capacity values appears to be between 5 and 10%. 
Similarities exist in the cycling performance of C-coated CaMoO4 and CaWO4 in that 
both are able to cycle a maximum of 3.8 moles of Li during the initial cycles and 
optimum C-coating appears to be between 5 and 10%. The low capacity values in the 
case of CaWO4 are due to the higher atomic weight of tungsten and its Li-cycling 
performance is inferior to that of CaMoO4 due to continuous capacity-fading.  
6.4.3.2 Ex-situ XRD and reaction mechanism  
Based on the reaction mechanism proposed for Mo-ternary oxide systems 
[10,13,14,31] and the similarity between voltage profiles of C-coated -CaWO4 and -
CaMoO4, we propose the following reaction mechanism occuring in stages:   
CaWO4 + 3.5 Li+ + 3.5e- ( CaO + Li2O + Li1.5W2.5+O2                                                           (6.4) 
 Li1.5W2.5+O2 + 2.5Li+ + 2.5e- !    Li4W0O2                                                             (6.5) 
Li1.5W2.5+O2 ! W4+O2+ 1.5Li+ + 1.5e-                                                                     (6.6) 
The region ‘abcd’ in Fig. 6.10a comprising two voltage plateaus and a 
capacity of ~500 mAh/g (before carbon correction) depicts the irreversible structure 
destruction process and the formation of ‘Li1.5W2.5+O2’ oxide bronze, thereby utilizing 
3.5 moles of Li (Eqn. 6.4). This is equivalent to a capacity of 326 mAh/g and 
constitutes a two phase reaction represented by plateau at 0.5 V. The observed excess 
capacity arises partly as a result of solid electrolyte interphase (SEI) formation and 
partly due to reaction with the carbon as mentioned earlier. The sloping profile 
marked as ‘de’, is attributed to further reduction of ‘Li1.5W2.5+O2’ to form the sub-
oxide ‘Li4W0O2’ (Eqn. 6.5). However, the C-corrected values of the observed 
capacities correspond to 4.5+0.3 and 8.6+0.1 moles of Li for the 5% and 10% C-
coated CaWO4 respectively instead of the expected 6.0 moles (Table 6.2). This shows 
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that reaction is not complete in the former case. In the case of 10% C-coating, as 
described earlier, the reaction is complete but shows excess irreversible capacity loss 
(ICL).  
 The voltage profile for the first-charge process (Fig. 6.10a) comprises two 
sloping regions ‘fg’ and ‘gh’ with a small plateau region around ‘g’. The region ‘fg’ 
showing a capacity of 240 mAh/g (2.6 moles of Li; uncorrected for carbon) is 
attributed to the oxidation of the ‘Li4W0O2’ bronze to ‘Li1.5W2.5+O2’ (reverse reaction 
of Eqn. 6.5) and the region ‘gh’ up to 3.0 V (174 mAh/g) is ascribed to further 
oxidation leading to the formation of WO2 (forward reaction of Eqn. 6.6). The small 
plateau region, g at ~1.3 V, is the signature of the overlapping region between the 
reactions of Eqns. 6.5 and 6.6 and thus, equilibrium between the oxide phases ‘WO2’ 
and ‘LixWOy’.  
The discharge profiles for the subsequent cycles are indicated as ‘ijk’ in Fig. 
6.10b. The region marked as ‘ij’ with a capacity contribution of 130 mAh/g (1.4 
moles of Li insertion) till 0.5 V is associated with the reduction of ‘WO2’ to 
‘Li1.5W2.5+O2’, the reverse reaction of Eqn. 6.6. The region ‘jk’ showing a capacity of 
260 mAh/g (2.8 moles of Li; theoretical, 2.5 Li) is due to the formation of the bronze, 
‘Li4W0O2’.  Therefore, after initial irreversible structure destruction reaction, given by 
Eqn. 6.4, the reversible charge-discharge cycling takes place according to Eqns. 6.5 
and 6.6 giving 4 moles of cyclable Li (experimental value is 3.8 Li).  
 The irreversible structure destruction process was verified experimentally by 
ex-situ XRD studies on the as-fabricated electrode, and at different depths of 
discharge up to 0.005 V and in the fully-charged electrode at 3.0 V after 20 cycles 
(Fig. 6.12). Multiple cells were fabricated for this purpose, discharged to select 
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voltages at 60 mA/g and stabilized for 2h at that voltage. The cells were dismantled in 
glove box, the electrodes were recovered and XRD patterns were recorded.      







































 Fig. 6.12 Ex-situ XRD patterns of 10% C-coated CaWO4 electrode discharged to 
various voltages vs Li. (i) As prepared (OCV=3.1 V). Select Miller indices are shown. 
(ii) 0.8 V, (iii) 0.5 V, (iv) 0.25V and (v) after 20 cycles and subsequently charged 
from 0.005 V to 3.0 V. Lines due to Cu foil are shown. Low intensity lines with 
asterisk are not identified. 
 
The results show that crystal-structure of CaWO4 is preserved, during 
discharge, till 0.8 V and when discharged to 0.5 V, significant decrease in peak 
intensities occurred indicating partial structure destruction. The XRD patterns at 
0.25V and at 0.005 V are devoid of any compound peaks and peaks due to Cu-
substrate were only seen thus indicating complete amorphization of CaWO4. The 
XRD pattern in the charged-state at 3.0 V after 20 cycles was identical to that of 
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electrode after first discharge. This verifies that the crystal structure, once destroyed 
does not re-form, and subsequent Li-cycling takes place in an amorphous or nano-
composite matrix. 
It must be mentioned that the proposed mechanism for the charge-discharge 
reaction with Li, needs support by other in situ and ex situ physical techniques. While 
WO2 and ternary oxides of tungsten in 4+ valency are well-known, those with non-
integral valencies given in Eqns. (6.4-6.6) represent nominal ‘LixWOy’ oxide bronzes 
and exist only as nano-particles or amorphous phases.  A similar O-deficient ‘bronze’ 
was proposed by Leroux et al [10,11,31] and by us in the case of ‘LixMoOy’.  
6.4.3.3 Cyclic voltammetry  
Cyclic voltammetry (CV) was carried out on the 10% C-coated CaWO4 vs Li 
at room-temperature. The voltage was varied at a rate of 0.058 mV/sec between 
0.005-3.0 V vs Li up to 20 discharge-charge cycles. The corresponding $Q 
(current×time) values were plotted vs voltage in Fig. 6.13. The first sweep 
commenced cathodically from OCV. Select cycles are shown for clarity. Analogous 
to other metal oxide systems investigated as anodes [10-18], the first discharge cycle 
differs from the rest of charge-discharge cycles. This is due to the irreversible 
structure destruction leading to the formation of Li-W-O bronze in an 
electrochemically inactive matrix of CaO and Li2O. The first cathodic peak occurs at 
0.65 V indicative of the structure destruction process and a shoulder at 0.35 V 
followed by a long tail up to the lower cut-off voltage limit, 0.005 V. The subsequent 
charge cycle shows a minor low-intensity peak at ~1.2 V. The following cycles show 
a small peak at 0.28 V in the discharge cycle and at ~1.2 V in the charge cycle. This 
indicates that oxidation and reduction processes do not take place at well-defined 
voltages. The anodic-peak voltage, ~1.2 V matches well with the narrow plateau
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regions in the galvanostatic anodic voltage-capacity profiles signifying the existence 
of multiphases in equilibrium at this voltage. Thus, the CV data corroborate the 
conclusions drawn from the galvanostatic profiles.  


















Fig. 6.13  Cyclic voltammograms of 10% C-coated CaWO4 in voltage range, 0.005-
3.0 V. Li metal was the counter and reference electrode.  Scan rate was 0.058 mV/sec. 
Only select cycles are shown. Numbers refer to cycle numbers. 
 
6.4.3.4  Electrochemical impedance spectroscopy 
  Electrochemical impedance spectroscopy (EIS) studies were carried out on a 
cell with 10% C-coated CaWO4 (with Li-metal as anode) in order to gain insight in to 
the reasons for the observed capacity-fading. The spectra were recorded after 
discharging and charging the cell to various voltages, at 30 mA/g current rate during 
the first cycle and also during the 20th cycle. The cell was relaxed for 3 h at each 
voltage and measurements were done in the range 3.0-0.005 V at room temperature. 
The spectra in the form of  Nyquist plots (ZD vs. -ZDD) are shown in Fig. 6.14. The 
voltages and frequencies for select data points are also shown. The spectra were fitted 
to an equivalent circuit shown in Fig. 6.15a.  
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 Fig. 6.14 Family of Nyquist plots (ZD vs -ZDD) for the cell with 10% C-coated CaWO4 
as cathode at different voltages. (a) During the first-discharge reaction from open 
circuit voltage (OCV) to 0.005 V (vs Li). (b) During the first charge reaction from 
0.005 V to 3.0 V. (c ) During the 20th discharge-cycle from 3.0 to 0.005V. Regions (i), 
(ii), (iii), (iv) and (v) show fitting with the equivalent circuit of Fig. 6.15a. (d) During 
the subsequent charge-operation up to 3.0 V. Stabilized cell voltages, after 3 h stand 
are shown. Select frequencies in the impedance spectra are indicated. 
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Fig. 6.15 (a) Equivalent circuit used for fitting the impedance spectra of Fig. 6.14. 
Different resistances, Ri and /or Ri<<CPEi combinations are shown sectioned as (i)-
(iv). Section (v) is the Warburg element. (b) Plot of Rb (bulk resistance) and (c) CPEb 
(capacitance associated with bulk resistance) as a function of cell voltage. These were 
obtained by fitting the impedance data for the 20th discharge-charge cycle of 10% C-
coated CaWO4 vs Li shown in Figs. 6.14c and d with the equivalent circuit shown in 
Fig. 6.15a. Arrows indicate the discharge or charge process. 
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The experimental data are shown as symbols and the continuous lines represent the 
fitting with the theoretical model. Each resistance Ri, Ri9KCPEi and W components in 
Fig. 6.15a are sectioned as circuit elements (i), (ii), (iii), (iv) with W (v) as the 
Warburg element and these are attributed to regions shown in the Nyquist plots of 
Fig. 6.14c.  
The depressed semicircles are indicative of inhomogeneous nature of the 
electrode and this is accounted for by considering constant phase elements (CPEs) 
instead of pure capacitors in the equivalent circuit [18,32-34]. The region represented 
by Re in Figs.6.14c and 6.15a, is attributed to the ohmic resistance of the electrolyte 
and cell components. The depressed semicircle observed in the high frequency range 
(0.35 MHz-15 kHz) is attributed to section (ii), Rsf99 CPEsf and is ascribed to the 
resistance offered to Li migration through the surface film (Rsf) and the corresponding 
capacitance, CPEsf. The second semicircle in middle- to- low frequency range (15 
kHz-3 Hz) is represented by section (iii), Rb99 CPEb and is the impedance encountered 
for Li-ion migration through the bulk of the electrode (Rb) with the associated 
capacitance, CPEb. The Rb value is a function of both electronic and ionic 
conductivity of the composite electrode. The circuit element of section (iv) is ascribed 
to the charge transfer resistance, Rct and the constant phase element CPEdl represents 
the double layer capacitance associated with it. The semicircle corresponding to the 
section (iv) is encountered in the frequency region, 3.5-0.035 Hz. The straight-line 
Warburg region is seen in the impedance spectra at very low frequencies (< 30 mHz). 
Depending on the nature of the electrode and the applied voltage, only some of the 
semicircles may be clearly observed in the spectra.  
             The spectra during the first-discharge are shown in Fig.6.14a. The impedance 
spectrum of the fresh cell comprises a single depressed semicircle in high- to- low 
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frequency range (0.35 MHz-2.2 Hz) followed by a straight line in the low frequency 
side.  Changes occur in the spectra at various voltages, 1.0- to-0.005 V as the result of 
a number of processes, i.e., crystal structure destruction, electrochemical reaction 
represented by Eqns. (6.4) and (6.5), formation of the solid electrolyte interface (SEI) 
involving reaction with the electrolyte, the charge transfer process and any changes in 
the bulk conductivity of the active material, ‘LixWOy’. Since only one well-defined 
semicircle was seen in all the spectra, they were fitted with the circuit Re, R <LCPE 
and W. The fitted value of Re is 3.7 (G0.7) F at all voltages. The overall impedance 
during first discharge is mainly governed by the surface film. The resistance R, 
corresponds to the overall resistance of the electrode due to surface film and the bulk 
(Rsf+Rb). It decreases from 320 (G10) to 240(G10) and to 175(G5) F as the cell voltage 
decreases from 3.0 to 1.0 to 0.1 V. However, it increases to 210 (G10) F at 0.005 V, 
which is the fully-discharged state.  
The impedance plots during the first-charge reaction at various potentials up to 
3.0 V are shown in Fig. 6.14b. They are qualitatively different from those of Fig. 
6.14a indicating that the reaction mechanism is different, and is in accordance with 
the galvanostatic and CV data. The impedance spectrum of the cell when charged to 
0.5 V showed shrinkage in the spread of semicircle, with the fitted value of R = 78 
(G5) F, followed by inseparable second semicircle and a straight line in the low 
frequency region (< 0.35 Hz). Upon further charge to 1.0 V, the R is reduced to 30 
(G3)  F (at 7 Hz). The semicircle is followed by the appearance of well-defined 
straight-line Warburg region at low frequencies. Subsequent Li extraction (charging) 
to 3.0 V leading to formation of ‘WO2’ (forward reaction of Eqn. (6.6)), did not result 
in much change in the spectrum except for small variations in the slopes of straight 
line, the Warburg-type region.  
                                                                                                                                    248
 
The impedance spectra for the 20th discharge cycle shown in Fig. 6.14c, differ 
significantly from those of first-discharge reaction (Fig. 6.14a). As can be expected, 
the spectra of Fig. 6.14c and d (discharge and charge reactions respectively; range 
0.5-2.5 V) are almost identical indicating good reversibility of the electrode. The 
spectra show three depressed and overlapped semicircles in high-mid-low frequency 
range followed by straight line Warburg-type region, in contrast to the first-cycle 
spectra. This is due to changes in time constants associated with different 
electrochemical processes occurring in the electrode that makes these distinguishable 
[18]. The spectra were fitted with the equivalent circuit (Fig. 6.15a) and the 
parameters were evaluated. Re is below 4F in all cases. The fitted values of Rsf and 
CPEsf are 12 (G3) F and 30-80 #F respectively at all voltages during the 20th 
discharge reaction. However, the bulk resistance (Rb) and CPEb values showed 
systematic variation with the voltage, shown in Fig. 6.15b and c. The Rb values are 
~12(G3)  F, but the CPEb decreases from 150 to 110 (G10) #F in the voltage range, 
3.0-0.5V. In the range 0.5-0.005 V, Rb rapidly rises to as high as 70 (G5) F (Figs. 
6.15b). This increase may be attributed to an overall increase in the bulk resistance of 
the electrode material due to the forward reaction of Eqn.(6.5), leading to the 
formation of ‘Li4WO2’. As expected CPEb showed complementary changes, i.e. its 
value decreases from 110 #F at 0.5 V to 33(G5) #F in the fully discharged state (0.005 
V). 
Progressive discharge from 0.25-0.1-0.005 V during the 20th cycle gives rise 
to the development of third semicircle, which is clearly seen as a depressed semicircle 
at 0.005 V (3.5 -0.035 Hz) followed by a small vertical line (slope >65M) at <0.035 Hz 
(Fig. 6.14c). The circuit element of section (iv) is fitted to the spectra and the charge 
transfer resistance (Rct) and the double layer capacitance associated with it (CPEdl) 
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have been determined. The fitted values of Rct and CPEdl lie in the range 50-90 (G5)F 
and 16-40 (G3) mF respectively for V' 0.25 V. The Rct can be related to a 
combination of several processes: Li-ion transfer at the solution-surface film 
interface, at the surface film-active electrode interface, the inter-particle electron 
transfer and thus the redox reaction occurring on the electrode surface and finally, the 
structure of the electrode [18,33-36].  
The Nyquist plots for the 20th cycle charge-reaction at various voltages from 
0.005-3.0 V are shown in Fig. 6.14d. Analogous to the discharge reaction, the values 
corresponding to Re and Rsf, obtained by fitting the data with the circuit are 3.5(G0.5) 
F and 13.5(G2) F respectively. As expected, an almost reverse trend of Rb and CPEb 
variation is observed for the charge cycle in comparison to the discharge cycle (Fig. 
6.14c,d and 6.15 b,c). For V>0.5 V, no contribution from Rct is observed. It may be 
mentioned that an increase in Rct with increasing depth of discharge was also noted in 
other oxide systems like Co3O4 [37] and Ca2Co2O5 [18].To summarize, the impedance 
results during the 20th discharge-charge cycle showed that the variations in the Rb and 
Rct play a predominant role. At voltages below 0.5 V, the Rb increases by a factor 
five, and Rct ranges from 50-90 F, in comparison to values of ~12 F and almost zero, 
respectively for V>0.5V. It is likely that these values will increase with an increase in 
the cycle number and contribute to the observed capacity-fading in CaWO4. 
As per the recent findings regarding interpretation of impedance results on 
electrode materials [38,39], the low frequency semicircle is attributed to the bulk 
impedance (Rb instead of Rct) and the medium frequency semicircle is attributed to the 
charge transfer impedance (Rct instead of Rb). Nevertheless, since both these values 
show large changes as a function of voltage in 20th cycle, the overall  interpretation of 
the impedance results are in order.  
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6.5 Summary and Conclusions 
 
Carbon-coated CaMoO4 and CaWO4 with the scheelite structure in nano-
crystalline form were synthesized by room temperature solution precipitation and pure 
CaMoO4 also by the sol-gel method and characterized by X-ray diffraction, SEM and 
TEM. Their electrochemical behaviour was studied as cathode vs Li metal by 
galvanostatic method, cyclic voltammetry and impedance spectroscopy. XRD showed 
well-defined peaks of the tetragonal structure without any water of hydration for 
soln.ppt. CaMoO4 and CaWO4. SEM showed that the soln. ppt. CaMoO4 consisted of 
agglomerates of nano-size particles whereas the C-coated ones are well-separated and 
micron sized. Sol-gel CaMoO4 consisted of nano-particles with size, 50-80 nm. TEM 
confirmed the nano-crystalline nature of CaMoO4 and uniform C-coating, the latter 
being amorphous.  
Galvanostatic cycling was carried out over 50 cycles in the range 0.005-
2.0/2.5/3.0 V at a current rate of 10 mA/g for the first two and at 60 mA/g for all other 
cycles for the pure and C-coated CaMoO4. It was found that the cut-off voltage of 2.5 
V gives best performance. At the 20th cycle, the discharge capacities (mAh/g) of 
CaMoO4 after correcting for carbon-content are: soln.ppt., 190; sol-gel., 268; 5% C-
coated, 401 and  10% C-coated, 508. The C-coating enabled high inter-particle 
electronic conductivity of the otherwise insulating CaMoO4 and resulted in a better 
performance with 3.8 moles (theoretical, 4 Li) of recyclable Li (508 mAh/g). The 
coulombic efficiency for all the compositions is *98%. The capacity of 5% C-coated 
CaMoO4 remained stable up to 40 cycles whereas that of 10% C-coated sample 
decreased slowly to 439 mAh/g (3.3 moles of Li) in the range  20-50 cycles. On the 
other hand, the capacity of sol-gel CaMoO4 increased from 268 to 292 mAh/g during 
20-40 cycles and remained stable till the 50th cycle. The CV data complement the 
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galvanostatic cycling behaviour. A plausible mechanism has been proposed for the 
first-discharge and subsequent charge-discharge cycling of CaMoO4. The observed 
capacities compare well with the graphite negative electrode used in LIB. Further 
optimization of C-coated CaMoO4 as anode material for LIB is possible since it is 
easily synthesized and raw materials are readily available. 
Galvanostatic charge-discharge cycling results on CaWO4 showed that 5% C-
coated CaWO4 gave initially low capacity values that increased up to 10 cycles and 
thereafter remained almost stable up to 50 cycles with a reversible capacity of 230+5 
mAh/g corresponding to 2.5 moles of recyclable Li, at 60 mA/g in the voltage range 
of 0.005-3.0 V (or 2.5 V). The 10 % C-coated CaWO4 gave initial charge/discharge 
capacities approaching the expected theoretical limit, 355+5 (3.8 moles of Li; 
theoretical 4 Li) at 60 mA/g in the voltage window, 0.005-3.0 V. However, the 
reversible capacity decreased at a rate of 1.6 mAh/g per cycle between 5-100 cycles. 
The average discharge and charge potentials are 0.5-0.6 V and 1.3-1.5 V, respectively 
for both CaMoO4 and CaWO4. The coulombic efficiency is ~96-98% for both C-
coated CaMoO4 and CaWO4. Analogous to CaMoO4, reaction mechanism based on 
the reversible ‘LixWOy’ bronze formation/decomposition has been proposed. EIS 
results showed that the bulk (Rb) and charge transfer (Rct) resistances of the electrode 
during the 20th cycle vary as a function of the applied voltage. The absolute values are 
large (50-90F) at V<0.5 V and possibly increase with cycle number and contribute to 
the observed capacity fading. Even though the average discharge and charge voltages 
compare favourably with those of other mixed oxides like CaMoO4, MnMoO4 and 
NaxMoO3, the cycling performance of CaWO4 is inferior to that of CaMoO4. 
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Conclusions and suggestions for further study  
Motivated by the necessity for researches on anodes for Li-ion batteries, the 
present work is devoted to the studies on metal oxides for their ability to recycle Li. 
Mixed oxides, MSnO3, M=Ca, Sr, Ba (perovskite crystal structure), K2(M',Sn)8O16, 
M'=Mg, Li, Fe, Mn (hollandite crystal structure), CaFe2O4, Li0.5Ca0.5(Fe1.5Sn0.5)O4, 
Na(FeSn)O4 (CaFe2O4-type structure), Ca2Fe2O5, Ca2Co2O5 (brownmillerite 
structure), CaMoO4 (with and without carbon coating), carbon coated CaWO4 
(scheelite crystal structure) were synthesized by high temperature solid-state reaction 
or co-precipitation or sol-gel methods. The aforesaid compounds contain Sn, Fe, Co, 
Mo and W as the ‘electrochemically active’ centre. It is observed that, by and large, 
the electrochemical-cycling behavior is governed by the crystal structure of the 
starting oxide, oxygen coordination of the compound, the nature and amount of the 
counter ion, the morphology and the operating voltage range. 
Results of the studies on mixed metal oxides capable of undergoing reaction 
with Li via Li-Sn alloy formation are presented in Chapters 3 and 4. Detailed 
electrochemical studies on mixed tin oxides, MSnO3, M=Ca, Sr, Ba (perovskite 
crystal structure) and Ca2SnO4 (Chapter 3) revealed that CaSnO3, sub-micron size 
particles prepared by the sol-gel method, exhibits best electrochemical cycling 
response by giving capacity values ~379 mAh/g (2.9 moles of cyclable Li per mole of 
Sn) and no noticeable capacity-fading up to 100 cycles at a current density of 60 
mA/g in the voltage range of 0.005-1.0 V. Further, it is also found that Ca is a 
superior matrix element than Sr or Ba. Sol-gel synthesized CaSnO3 and SrSnO3 
possess smaller particle sizes and perform better than the solid-state analogues that 
comprise bigger particles (micron-size). The galvanostatic cycling and cyclic-
voltammetry studies in the voltage range 0.005-1.0 and 2.0 V showed that a good 
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operating voltage range for the stable cycling performance is up to 1.0 V. Better 
electrochemical cycling response of CaSnO3 in comparison to that of Ca2SnO4 
indicates that perovskite crystal structure is preferable over the Sr2PbO4-type 
structure. 
Studies on tin-oxides, K2(M',Sn)8O16, M'=Mg, Li, Fe, Mn (represented as (K-
M') with the hollandite crystal structure, described in Chapter 4, show that a good 
operating voltage range for these oxides is also 0.005-1.0 V, similar to CaSnO3. The 
tin-hollandites (K-Li) and (K-Fe) with Li and Fe as counter ions perform better than 
(K-Mg) and (K-Mn) with Mg and Mn as counter ions. (K-Li) and (K-Fe) gave a first 
cycle reversible capacity of 602 and 481 mAh/g, respectively, at 60 mA/g current rate 
in the voltage range 0.005-1.0 V. The respective capacity values were retained at their 
78 and 83% value up to 50 cycles. In the case of (K-Li), the reversible capacity of 602 
mAh/g corresponds to 3.7 moles of Li per mole of Sn. This is one of the highest 
values of reversible capacity reported for Sn-containing compounds in the literature. 
The gradual capacity fading in Sn-hollandites is attributed to the low matrix content in 
comparison to the tin-content per mole of the compounds.  
Chapter 5 describes the results of the studies on mixed transition metal oxides, 
CaFe2O4, Li0.5Ca0.5(Fe1.5Sn0.5)O4, Na(FeSn)O4 (CaFe2O4-type structure), Ca2Fe2O5 
and Ca2Co2O5 (brownmillerite structure) that undergo reversible reaction with Li by 
displacive  redox reaction.  Li0.5Ca0.5(Fe1.5Sn0.5)O4 and Na(FeSn)O4 comprise Fe and 
Sn as mixed electro-active hosts. A good operating voltage range was found to be 
0.005-3.0 V and ‘Ca’ performed as a good matrix metal.  Li0.5Ca0.5(Fe1.5Sn0.5)O4 gave 
a reversible capacity ~450 mAh/g in the voltage range, 0.005-3.0 V at a current 
density, 60 mA/g and also exhibited slow capacity fading with cycling. Na(FeSn)O4 
showed drastic capacity fading on cycling up to 3.0 V. However, its cycling 
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performance was found to be stable in the voltage range 0.005-1.0 V up to 110 cycles 
and capacity values ~ 310-340 mAh/g at a current rate of 60 mA/g were achieved. 
Among all the mixed transition metal-oxides studied, best cycling response was 
exhibited by Ca2Co2O5. It showed reversible capacity of 365-380 mAh/g 
(corresponding to 3.9+ 0.1 moles of Li; theor.- 4.0 moles of Li) at current rate of  60 
mA/g in the voltage range, 0.005-3.0 V, stable up to 50 cycles. However, extensive 
capacity fading was observed when cycled in the voltage range 0.005-2.5 V. The 
stable cycling response of Ca2Co2O5 in the voltage range 0.005-3.0 V is attributed to 
the reversible formation/decomposition of the polymeric surface film on the electrode 
surface of Ca2Co2O5. 
Motivated by the beneficial effects of ‘Ca’ as a good matrix element, CaMoO4 
and CaWO4 possessing scheelite structure, have been studied as anodes for LIB. The 
compounds were coated by 5 and 10 % conducting-carbon and results are presented in 
Chapter 6. The Mo and W are the electrochemically active centers undergoing 
reversible reaction with Li by Li-Mo/W-oxide bronze formation. The beneficial effect 
of carbon coating on the electrochemical-cycling of otherwise electronically-
insulating CaMoO4 has been proved by comparing the cycling response of uncoated 
vs. carbon coated CaMoO4. The capacity values (mAh/g) at 20th discharge cycle in the 
voltage range 0.005-2.5 V and at a current rate of 60 mA/g are 190 for uncoated 
CaMoO4 and 268, 401, 508 for sol-gel CaMoO4, with 5% and 10% C-coating (3.8 
moles of Li per mole of CaMoO4), respectively. Optimum carbon-coating was found 
to be between 5 and 10% and good operating voltage range was 0.005-2.5 V. 
Electrochemical cycling results on 5 and 10 % C-coated CaWO4 showed qualitative 
resemblance with that of CaMoO4. However, a good operating voltage range in the 
case of CaWO4 is 0.005-3.0 V and capacity fading also occurs in 10% C-coated 
                                                                                                                                    259
 
CaWO4. The high capacity values achieved with CaMoO4 (508 mAh/g) in contrast to 
graphite (theoretical, 372 mAh/g) and the ease of synthesis of the compound at room 
temperature led us to propose it to be a good anode material for LIB. 
Thus, based on our studies on metal oxides, it is concluded that CaSnO3, 
Ca2Co2O5 and CaMoO4 can be viable anode materials for LIB and ‘Ca’ is a good 
matrix element in maintaining stable cycling performance. The high temperature 
solid-state synthesis method should be replaced by low temperature synthesis i.e., sol-
gel or solution-precipitation methods. Further, the studies performed by us on mixed 
metal oxides have been an effort towards better understanding of the reaction 
mechanism, the electrochemical response and the key factors influencing it. On the 
basis of various inferences drawn from the present work, following suggestions are 
made for the future study: 
(i) CaSnO3 (sol-gel) showed its viability as a good anode material by exhibiting  
capacity values, 380 mAh/g (2.9 moles of Li) stable up to >100 cycles in the 
voltage range 0.005-1.0 V. The theoretically achievable capacity value is 570 
mAh/g (4.4 moles of Li). Therefore, scope exists for improvement in achievable 
capacity possibly by adopting new and novel methods of synthesis and carbon 
coating. 
(ii) Studies on C-coated CaMoO4 showed that optimum carbon-coating is between 5 
and 10%. The precise value of optimum carbon content is yet to be determined. 
(iii) CaSnO3, Ca2Co2O5 and CaMoO4 have been proposed as the prospective anode 
materials for LIB. Their true applicability is yet to be established by using them in 
practice in a LIB in conjunction with LiCoO2 cathodes. 
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(iv) Li-cyclability up to 2.9 moles/Sn in CaSnO3 and capacity fading on cycling in 
K2(Li2/3Sn22/3)O16 necessitates research work on crystalline mixed-tin-oxides to 
arrive at an optimum crystal structure and matrix element for use in LIB.  
(v) Our comparative study on the choice of various matrix elements proved that ‘Ca’ 
is the best matrix element. An explanation for this behaviour is yet to be found 
and further studies are needed to understand the actual role of matrix element. 
Also, the role of the starting crystal structure of the mixed oxide towards the Li-
cyclability needs to be understood, although the structure gets destroyed in the 
first-discharge cycle.               
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